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SYNOPSIS 

This  r e p o r t  reviews t h e  equipment, p r a c t i c e s ,  and some of t h e  b a s i c  con- 
cep t s  commonly a s soc ia t ed  w i t h  f l u v i a l  s e d h e n t  i nves t iga t ions ,  Information 
t h a t  i s  u s e f u l  t o  engineers  who a r e  d i r e c t l y  concerned wi th  measurement of 
sediment discharge has  been talcen from previous r e p o r t s  and new information 
has been added. The necess i ty  f o r  s tudying sediment problems t h a t  a r e  en- 
countered i n  hydraul ic  engineering p r o j e c t s  i s  d iscussed  and a b r i e f  h i s t o r y  
of e a r l y  sedinent  measurements i s  given, 

The fundamental concepts of sediment t r anspor t  a r e  described,  and t h e  
v e r t i c a l  d i s t r i b u t i o n  of suspended sediment i s  explained on t h e  b a s i s  of t h e  
turbulence  theory, The general. p r i n c i p l e s  o f  sediment d ischarge  measurements 
a r e  d iscussed  a s  we l l  a s  t he  p r a c t i c a l  a spec t s  of s e l e c t i n g  sampling p o i n t s  
and of  determining the  frequency of sampling, Methods s f  computing sedhtent  
d ischarge  a r e  explained,  

The advantages sf t h e  equipment developed a s  a p a r t  of the  P ro jec t  ac- 
t i v i t i e s  a r e  discussed and d e t a i l s  of t h e  depth- in tegra t ing ,  po in t - in t eg ra t ing ,  
s ingle-s tage ,  and pumping type samplers a r e  presented.  Equipment f o r  c o l l e c t i o n  
s f  samples of bed ma te r i a l  i n  p l ace  and a v a i l a b l e  equipment f o r  measuring bed- 
load  d ischarge  a r e  described.  

So-cal led automatic  suspended-sediment samplers f o r  improving the  sample 
coverage through f requent  sampling of f l a s h y  o r  ephemeral streams a r e  discussed.  
They inc lude  s ingle-s tage  samplers,which a r e  ex tens ive ly  used,and pumping sam- 
plers,.which a r e  i n  t h e  f i e l d  t e s t  s tage .  Research t o  develop b e t t e r  automatic  
sediment sampling equipment i s  described.  
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DETERMINATION OF FLWIAL SEDIMENT DISCHARGE 

I .  INTRODUCTION 

1 .  --This report  was prepared fo r  t h e  b e n e f i t  o f  t hose  
who engage i n ,  or superv ise ,  sediment i n v e s t i g a t i o n s .  Sediment sampling equip- 
ment and procedures are described so tha t  personnel can s e l e c t  appropriate 
samplers and sampling methods fo r  s p e c i f i c  sediment sampling programs. Some 
fundamentals o f  sediment t ranspor ta t ion  are explained as a b a s i s  f o r  understand- 
i ng  t h e  pr inc ip les  involved ,  a l s o  t h e  report  includes research t h a t  i s  c u r r e n t l y  
i n  progress. 

Some aspects  o f  t h e  computation o f  sediment discharge are  discussed b r i e f l y  
t o  show t h e  need f o r  c e r t a i n  types  o f  samples and sediment in format ion ,  The 
d i scuss ion  i s  not  intended as a guide t o  those  who compute sediment discharge,  
bu t  as an ind ica t ion  o f  t h e  sampling program t h a t  i s  needed as a bas i s  f o r  t he  
computation o f  sediment discharge.  

Because t h e  appl icable  material  i s  so ex t ens i ve  and space here i s  l i m i t e d ,  
a b r i e f  summary i s  included o f  t h e  most important parts o f  publ ica t ions  t h a t  
t r e a t  c e r t a i n  phases o f  t h e  sub jec t .  References t o  t h e  more complete publi-  
ca t ions  are given f o r  those  who may wish  t o  pursue a subjec t  f u r t h e r .  

2 .  - I n  t h e  pas t ,  many hydraulic  engineering works 
have been b u i l t  on sediment-bearing streams wi thout  adequate cons iderat ion  o f  
t h e  e f f e c t s  o f  sedimentat ion on the  l i f e  and u t i l i t y  o f  t h e  pro jec t s .  The 
presence o f  sediment caused unforseen  d i f f i c u l t i e s  i n  operating and maintain- 
i ng  these  engineering works,  and shortened t h e  economic l i f e  f o r  many o f  them. 
As t ime goes on, more and more projec ts  w i l l  experience sedimentat ion problems 
because o f  t h e  time lag which occurs b e f o r e  these  problems become evident  and 
because o f  t h e  increased development o f  streams t h a t  are heav i l y  laden w i t h  
sediment. D i f f i c u l t i e s  already encountered have caused engineers t o  consider 
r i v e r s  as streams o f  sediment as we l l  as streams o f  water ,  

The water discharge i n  t h e  principal  r i v e r s  o f  t h e  world has been measured 
fo r  many years and adequate data are generally  ava i lab le  t o  permit s a t i s f a c t o r y  
ana ly s i s  o f  t h e  hydrologic and hydraulic  charac te r i s t i c s  required f o r  r i v e r  
development. Co l l ec t ion  o f  corresponding in format ion  regarding sediment load 
( t h e  material  i t s e l f )  and sediment discharge ( t h e  r a t e  o f  t ranspor t  o f  t h e  
sediment load) has been neglec ted .  Only a few i so la t ed  sediment measurements 
were made throughout t h e  world prior t o  about 1925, and t h e  importance o f  ob- 
t a i n i n g  systematic  records o f  sediment t ranspor t  commensurate w i t h  the  paral le l  
records o f  water discharge has been se r ious l y  considered only  w i t h i n  t h e  past 
few decades. The increasing demand for  r e l i a b l e  data on t h e  sediment charac- 
t e r i s t i c s  o f  streams requires  t h e  development o f  instruments  and methods t h a t  
f a c i l i t a t e  c o l l e c t i o n  o f  accurate f i e l d  data .  Wi th  i t s  many rami f i ca t ions  i n t o  
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t h e  f i e l d s  of water  power development, water  supply,  nav iga t i on ,  f lood  c o n t r o l ,  
l o s s  of r e s e r v o i r  s t o r a g e  capac i t y ,  i r r i g a t i o n ,  l and  damage, and s o i l  conserva-  
t i o n ,  t h e  sediment problem makes i t s  impact i n  one way o r  another  upon t h e  major- 
i t y  of humanity and thus wa r r an t s  a  thorough s tudy  by t h e  engineer ing  p r o f e s s i o n .  

3. - -Several  agenc i e s  
of t h e  United S t a t e s  Government recognized t h e  d e s i r a b i l i t y  of improving methods 
f o r  measuring t h e  q u a n t i t y  and de te rmin ing  t h e  c h a r a c t e r  of sediment t h a t  i s  
t r anspo r t ed  i n  s t reams.  They organized an  In t e rdepa r tmen ta l  Committee i n  1939 
t o  s t a n d a r d i z e  methods and equipment and t o  s tudy  problems encountered i n  c o l -  
l e c t i n g  sediment d a t a ,  The agenc ies  were: Corps of Engineers  of t h e  Department 
of t h e  Army; Flood Control  Coordinat ing Committee of t h e  Department of Agr icu l -  
t u r e ;  Geological  Survey, Bureau of Reclamation, and O f f i c e  of I nd i an  A f f a i r s  of 
t h e  Department of I n t e r i o r ;  and t h e  Tennessee Val ley  Author i ty .  The Iowa I n s t i -  
t u t e  of Hydraul ic  Research cooperated i n  t h e  s tudy  which was c a r r i e d  on a t  t h e  
Hydraul ic  Laboratory,  S t a t e  Un ive r s i t y  of Iowa, Iowa C i t y ,  Iowa. The p r o j e c t  
was under t h e  genera l  supe rv i s ion  of t h e  l a t e  P ro fe s so r  E .  W, Lane of t h e  Iowa 
I n s t i t u t e  of Hydraul ic  Research from 1939 t o  June  1942. Prom J u l y  1942 t o  J u l y  
1945, t h e  p r o j e c t  a c t i v i t i e s  were supe rv i s ed  by M. E. Nelson, Army Corps of 
Engineers ,  and L ,  C .  Crawford, Geological  Survey; and t h e  r e sea rch  work was 
conducted by personnel  of both agenc ies .  

I n  A p r i l  1946, t h e  In te rdepar tmenta l  Committee t r a n s f e r r e d  i t s  a c t i v i t i e s  
and func t i ons  t o  t h e  Subcommittee on Sedimentat ion of t h e  Federa l  Inter-Agency 
River Bas in  Committee. The Inter-Agency Committee was composed of r ep re sen t a -  
t i v e s  of t h e  Department of t he  Army, Department of t he  I n t e r i o r ,  Department of  
A g r i c u l t u r e ,  Department of Commerce, Tennessee Val ley  Author i ty ,  and Federa l  
Power Commission, and had a s  one of i t s  o b j e c t i v e s  t h e  coo rd ina t i on  of t h e  
hydro logic  a c t i v i t i e s  of t h e s e  Federa l  Departments through t h e  a s s i s t a n c e  of 
i t s  subcommittees. The Subcommittee on Sedimentat ion formal ly  took over t h e  
a c t i v i t i e s  and un f in i shed  program of t h e  In t e rdepa r tmen ta l  Committee i n  June  
1946. The agenc ies  c u r r e n t l y  r ep re sen t ed  on t h e  Subcommittee on Sedimentat ion 
a r e  i n d i c a t e d  on t h e  t i t l e  page of t h i s  r e p o r t .  I n  June  1948 t h e  p r o j e c t  moved 
from t h e  Iowa I n s t i t u t e  of Hydraul ic  Research t o  t h e  S t .  Anthony F a l l s  Hydraul ic  
Laboratory of t h e  Un ive r s i t y  of Minnesota i n  Minneapolis ,  Minnesota, I n  1955 
t h e  name of t h e  pa ren t  committee was changed t o  t h e  c u r r e n t  de s igna t i on ,  I n t e r -  
Agency Committee on Water Resources. Prom 1946 t o  1955 p r o j e c t  a c t i v i t i e s  were 
under t h e  general. supe rv i s ion  of M. E ,  Nelson, Army Corps of Engineers ,  and 
P ,  C .  Benedic t ,  Geological  Survey. The r e s e a r c h  work was conducted by person-  
n e l  of bo th  agenc ies .  S ince  1956 M r ,  Nelson has been a  consu l t an t  t o  t he  pra-  
j e c t  and Mr. Benedict  has  been on t h e  Technical  Committee. 

The Subcommittee reorganized  t h e  p r o j e c t  i n  1956 a s  t h e  Inter-Agency 
Sedimentat ion P r o j e c t  and adopted a  Guidance Memorandum o u t l i n i n g  p r o j e c t  
o b j e c t i v e s ,  o rgan i za t i on ,  and program. The b a s i c  o b j e c t i v e  of t he  p r o j e c t  
i s  t h e  s o l u t i o n  of problems w i t h i n  t h e  f i e l d  of sedimentology t h a t  a r e  of 
common concern t o  t h e  agenc ies  r ep re sen t ed  on t h e  Subcommittee. The para-  
mount problem i s  measurement and eva lua t i on  of q u a n t i t y  and c h a r a c t e r i s t i c s  
of sediment t h a t  i s  t r anspo r t ed  by s t reams.  
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A Technical Committee whose membership i s  made up of r e p r e s e n t a t i v e s  from 
Fede ra l  agencies  a c t i v e l y  concerned w i t h  sediment problems provides t e c h n i c a l  
d i r e c t i o n  f o r  t h e  p r o j e c t .  The ope ra t ing  s t a f f  c a r r i e s  out  t he  development, 
t e s t i n g ,  and c a l i b r a t i o n  of ins t ruments ;  p r epa ra t ion  of t echn ica l  r e p o r t s ;  and 
o t h e r  ope ra t iona l  phases of t h e  p r o j e c t  . The agencies  a c t i v e l y  coopera t ing  i n  
t h e  i n v e s t i g a t i o n  and c u r r e n t l y  represented  on t h e  Technical Committee a r e :  
Amy Corps of Engineers ,  Geological  Survey, Bureau of Reclamation, Agr i cu l tu ra l  
Research Serv ice ,  S o i l  Conservation Serv ice ,  Publ ic  Heal th Serv ice ,  Fo re s t  
Service,and Tennessee Valley Author i ty .  

Resu l t s  of t h e  coopera t ive  s t u d i e s  a r e  incorpora ted  i n  a  s e r i e s  of tech-  
n i c a l  r e p o r t s  l i s t e d  on pages 148 t o  151. 

4. s f  terms--In. t h e  f i e l d  o f  f l u v i a l  sediment, some terms have been 
used ind i sc r imina t e ly  and o f t e n  w i t h  ambiguous o r  v a r i a n t  meanings. 

The usage of terms i n  t h i s  r e p o r t  i s  a s  fo l lows:  

BED o r  SmEAmED--The bottom of a  water  course .  

BED LOAD--Sediment t h a t  moves by s a l t a t i o n ,  r o l l i n g ,  o r  s l i d i n g  on or 
near  t h e  streambed. 

BED-LOAD DISCHARGE--The q u a n t i t y  of bed load pass ing  any c ros s  s e c t i o n  of 
a  stream i n  a  u n i t  of time, 

BED-LOMI DISCHARGE SAWLER--A device  t o  measure t he  d ischarge  of bed-load 
over p a r t  o r  a l l  of t h e  stream width .  

BED MATERIAL--The sediment mixture  of which t h e  streambed i s  composed, 

BED-MATERIAL DISCHARGE o r  COARSE-SEDImNT DISCHARGE--That p a r t  of t h e  sed- 
iment d ischarge  of a  stream which i s  composed of p a r t i c l e  s i z e s  p re sen t  i n  
app rec i ab l e  q u a n t i t i e s  i n  t h e  s h i f t i n g  po r t i ons  of a  streambed. 

BED-PIATERIAL SAWLER--A device  f o r  t ak ing  a  sample of t he  sediment of which 
t h e  streambed i s  composed, 

CLAY--Sediment p a r t i c l e s  smal le r  than 0.004 mm i n  s i z e .  

COWOSXm SAWLE--A s i n g l e  sample formed by combining a l l  t h e  i nd iv idua l  
samples t h a t  p e r t a i n  t o  a  s i n g l e  sampling u n i t ,  

CONTACT LOAD--Sediment p a r t i c l e s  t h a t  r o l l  o r  s l i d e  a long  i n  almost con- 
t inuous  con tac t  w i th  t h e  streambed. 

DENSITY of water-sediment mixture--The bulk  dens i ty  whish i s  t h e  mass p e r  
u n i t  volume inc luding  both water  and sediment. 
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DEPTI-I-INTEGJXATED SAMPLE--A water-sediment mixture  t h a t  i s  accumulated con- 
t i nuous ly  i n  a  sampler t h a t  moves v e r t i c a l l y  a t  an  approximately cons t an t  
t r a n s i t  r a t e  between t h e  su r f ace  and a  po in t  a  few inches above t h e  bed of 
a  s t ream, and t h a t  admits t h e  mixture a t  a  v e l o c i t y  about equal  t o  t h e  
ins tan taneous  s tream v e l o c i t y  a t  each po in t  i n  t h e  v e r t i c a l .  Because t h e  
sampler i n t a k e  i s  a  few inches above t h e  sampler bottom, t h e r e  i s  an un- 
sampled zone a  few inches  deep j u s t  above t h e  bed of  t h e  stream. 

DEPTH INTEGRATION--A method of sampling t o  o b t a i n  a  r e p r e s e n t a t i v e  sample 
of t h e  water-sediment d ischarge  from every p a r t  o f  a  stream v e r t i c a l ,  
except i n  a  small  unsampled zone near  t h e  streambed. 

DISCWRGE-WEIGHTED CONCENTRATION--The d ry  weight of  sediment i n  a  u n i t  
volume of s t ream discharge ,  o r  t h e  r a t i o  of t h e  d ischarge  of dry weight  
of sediment t o  t h e  d ischarge  by weight  of water  sediment mixture.  (See 
Sec t ion  7 ) .  

FINE-MATERIAL LOAD o r  WASH LOAD--That p a r t  of t h e  t o t a l  sediment load  t h a t  
i s  composed of p a r t i c l e  s i z e s  not  p r e sen t  i n  app rec i ab l e  q u a n t i t i e s  i n  t he  
bed sediment. (Norma1l.y t h e  f i ne -ma te r i a l  load  i s  f i n e r  than  0.062 mm).  

MEAN PARTICLE DIMENSION--The p a r t i c l e  dimension f o r  which ha l f  t h e  sed- 
iment by weight  i s  coa r se r  and h a l f  i s  f i n e r ,  

POINT-INTEGRATED SAMPLE--A water-sediment mixture  t h a t  i s  accumulated con- 
t i nuous ly  i n  a  sampler t h a t  i s  he ld  a t  a  r e l a t i v e l y  f i x e d  po in t  i n  a  s t ream 
and t h a t  admits  t h e  mixture a t  a  v e l o c i t y  about  equal  t o  t h e  ins tan taneous  
s tream v e l o c i t y  a t  t h e  po in t .  

POINT-INTEGRATION--A method of sampling t o  o b t a i n  a  sample t h a t  r ep re sen t s  
t h e  mean concen t r a t i on  of sediment i n  t h e  s tream discharge  pass ing  a  po in t  
i n  a  s t ream dur ing  t h e  sampling time. 

SALTATION LOAD--The sediment bounced a long  t h e  streambed by t h e  impact of 
t h e  flow o r  of o t h e r  moving p a r t i c l e s .  

SAMPLING VERTICAL o r  simply VERTICAL--An approximately v e r t i c a l  pa th  from 
water  s u r f a c e  t o  streambed a long  which samples a r e  taken t o  d e f i n e  sedhlenent 
concen t r a t i on  o r  d i s t r i b u t i o n .  

SAND--Sediment p a r t i c l e s  between 0.062 and 2  m i n  s i z e .  

SEDIMENT, a c t u a l l y  FLWIAL SEDImNT--Fragmentary m a t e r i a l  t h a t  o r i g i n a t e s  
from weather ing  of rocks and i s  t r anspo r t ed  by;suspended i n ,  o r  depos i ted  
from water .  

SEDIMENT CONCENTKATION--The quan t i t y  of sediment r e l a t i v e  t o  t h e  quan t i t y  
of t r a n s p o r t i n g  o r  suspending f l u i d ,  o r  f lu id-sediment  mixture.  
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SEDIMENT DISCHARGE--The q u a n t i t y  of sediment t h a t  i s  c a r r i e d  p a s t  any c r o s s  
s e c t i o n  of a  s t ream i n  a  u n i t  of t ime,  The d i s cha rge  may be l i m i t e d  t o  
c e r t a i n  s i z e s  of sediment o r  t o  d i scharge  through a  s p e c i f i c  p a r t  of t h e  
c r o s s  s e c t i o n ,  

SEDIPENT LOAD o r  simply LOAD--The sedirnent t h a t  i s  be ing  moved by a  s t ream. 
(Load r e f e r s  t o  t h e  m a t e r i a l  i t s e l f  and not  t o  t h e  q u a n t i t y  be ing  moved,) 

SEDIMENT YIELD--The t o t a l  sediment outf low from a  watershed o r  a d r a inage  
a r ea  a t  a  po in t  of r e f e r ence  and i n  a  s p e c i f i e d  pe r iod  of t ime ,  This  i s  
equal. t o  t h e  sediment d i scharge  from t h e  d r a inage  a r e a .  

SILT--Sediment p a r t i c l e s  between sand and c l a y  i n  s i z e  (0 ,004  t o  0,062 mn). 

SPATIAL COTJCEWmTIOH--The d ry  weight  of sediment per  u n i t  volume of water-  
sediment mixi:ure i n  g l ace ,  o r  t he  r a t i o  of t h e  d ry  weight: of sedimeazt t o  
t h e  t o t a l  weight  of water-sediment mix ture  i n  a  sample o r  u n i t  volume, of 
t h e  mix tu re ,  (See Sec t i on  7 ) ,  

SPECIFIC WEIGHT of sediment--The d r y  weight  pe r  u n i t  v o l ~ m e  of sedinr~ent i n  
p lace .  It  can be computed from t h e  wet bu lk  d e n s i t y  i f  t he  s p e c i f i c  g r a v i t y  
of t h e  sediment i s  known, 

STANDARD DEVIATION--A s t a t i s t i c a l  measure which i n  sedinnent a n a l y s i s  i s  ob- 
t a i n e d  from t h e  formula l / 2  (DB4/DS0 + D ~ ~ / D ~ ~ )  i n  which D16> DrjO9 and DB4 
denote s i z e s  of m a t e r i a l  f o r  which 16,  50, and 84 percent  by weight 
r e s p e c t i v e l y ,  a r e  f i n e r  i n  a  given sample. 

STREAM DISCIURGE--The q u a n t i t y  of n a t u r a l  wa t e r  pa s s ing  through a  c r o s s  
s e c t i o n  of a  s t ream i n  a  u n i t  of t ime.  (The n a t u r a l  water  con t a in s  both 
d i s so lved  s o l i d s  and sediment . )  

SUSPENDED-SEDIiaNT DISCHARGE--The q u a n t i t y  s f  suspended-sediment pass ing  
through a  s t ream c r o s s  s e c t i o n  i n  a  u n i t  of t ime .  

SUSPENDED-SEDIMENT SAMPLER--A sampler t h a t  c o l l e c t s  a  r e p r e s e n t a t i v e  sample 
of t h e  water  w i t h  i t s  suspended-sediment l oad .  

SUSPENDED SEDIMENT o r  SUSPENDED LOAD--Sediment t h a t  i s  supported by t he  
upward components of t u r b u l e n t  c u r r e n t s  and t h a t  s t a y s  i n  suspension f o r  
app rec i ab l e  l eng ths  of t ime. 

TOTAL SEDLbENT DISCHARGE--The t o t a l  sediment d i s cha rge  of a  s t ream. I n  
t h i s  r e p o r t  i t  i s  t he  suspended-sediment d i s cha rge  p lu s  t h e  bed-load 

d i s cha rge .  

TOTAL SEDIMENT LOAD o r  TOTAL LOAD--The t o t a l  sediment i n  t r a n s p o r t  i n  a  
s t ream. I n  t h i s  r e p o r t ,  t he  t o t a l  sediment i s  t h e  sediment moving a s  
suspended load  p lu s  t h a t  moving a s  bed l oad .  
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UNSAMPLED ZONE--Most suspended-sediment samplers cannot sample w i th in  t h r ee  
o r  four  inches of t h e  streambed, and t h i s  t h r e e  o r  fou r  inches a t  t h e  
bottom of t h e  sampling v e r t i c a l  i s  c a l l e d  t h e  unsampled zone i n  c o n t r a s t  t o  
t h e  sampled zone above i t ,  (See Appendix Sec t ion  4 9 ) ,  

5. --Many h i s t o r i c a l  d e t a i l s  of sediment 
observa t ions  a r e  r e l a t e d  i n  Report 1 [36]: Only a few of t h e  more b a s i c  comments 
on sediment sampling w i l l  be presented i n  t h i s  s e c t i o n .  Programs t h a t  a r e  typ- 
i c a l  of t he  work of va r ious  agencies  a r e  mentioned b r i e f l y  and t h e  improvement i n  
sampling equipment subsequent t o  1940 i s  ind i ca t ed .  

The records of anc i en t  c i v i l i z a t i o n s  i n  China, Mesopotamia, and Egypt 
i n d i c a t e  t h a t  s i n c e  t h e  e a r l i e s t  t imes,  man has experienced d i f f i c u l t i e s  due t o  
sediment c a r r i e d  by natural .  s t reams.  Although a knowledge of t h e  manner i n  which 
Eluvia l  sediment i s  t r anspo r t ed  and depos i ted  would have a ided  i n  avoiding o r  
overcoming many of t he se  d i f f i . c u l t i e s ,  sediment i n v e s t i g a t i o n s  d i d  no t  begin 
u n t i l  comparatively r ecen t  yea r s .  The f i r s t  i n v e s t i g a t i o n s  were made i n  I t a l y  i n  
t h e  l a t t e r  p a r t  of t h e  seventeenth  century .  The fundamentals of t h e  sediment 
problem were inves- t iga ted  s c i e n t i f i c a l l y  i n  Prance i n  t h e  e ighteenth  century ,  bu t ,  
so  f a r  a s  can be determined, i t  was not u n t i l  t h e  e a r l y  p a r t  of t h e  n ine t een th  
century  t h a t  q u a n t i t a t i v e  measurements of sediment c a r r i e d  b.y natural.  streams were 
made by Gorsse and Subuors i n  t h e  Whone River  i n  1808 and 1809, Other e a r l y  
measurements were made by B l o h  i n  t he  Elbe River a t  Hamburg, Germany from 1837 
.to 1854 and by Baumgarten [2] i n  t h e  Garonne River ,  France,  from 1839 t o  18&6* 
Except f o r  a r e f e r ence  t o  su r f ace  samples taken by Barngarten,  t h e  records  do not  
i n d i c a t e  what methods or  equipment were used i n  malcing t h e s e  measurements, 

The e a r l i e s t  observa t ions  of sediment d ischarge  i n  t h e  United S t a t e s  were 
made i n  t h e  Mis s i s s ipp i  River by Captain Ta l co t t  i n  1838. Extensive observa t ions  
were made i n  t he  Lower Mis s i s s ipp i  by  Forshey i n  connect ion wi th  t h e  s t u d i e s  of 
Humphreys and Abbott i n  1851 and 1852 [ 3 5 ] .  Sediment samples were talcen i n  t h e  
South Pass near  t h e  mouth of t h e  Mis s i s s ipp i  from 1877 t o  1898. Measurements 
were a l s o  made a t  s eve ra l  s t a t i o n s  along t h e  Lower, middle, and upper Mis s i s s ipp i  
and i n  t h e  Missouri River from 1879 t o  1881, 

The development of i r r i g a t i o n  along t h e  r i v e r s  of t h e  southwestern p a r t  of 
t h i s  country was o f t e n  d i f f i c u l t  because of t h e  heavy loads  of sediment c a r r i e d  
by these  s treams.  I n  order  t o  f i n d  a s o l u t i o n  t o  t he  sediment problem, sediment 
d ischarge  measurements were s t a r t e d  Fn many of t he se  r i v e r s  i n  t h e  l a t t e r  p a r t  of 
t he  n ine t een th  century ,  Samples were f i r s t  c o l l e c t e d  i n  t h e  R i o  Grand.e i n  1889 
and 1890 by t h e  Geological Survey and have been taken more o r  l e s s  continuously 
s i n c e  1897 by t h i s  and o t h e r  agencies .  Observations have been made r e g u l a r l y  on 
t h e  lower Colorado River by t h e  Bureau 05 Reclamation s i n c e  1909, and i n  t h e  

Colorado River  Basin by t h e  Geological  Survey s i n c e  1925. 

*Numbers i n  bracke ts  r e f e r  t o  r e f e r ences ,  pages 142 t o  148, 
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The i n i t i a t i o n  of s t u d i e s  f o r  f l ood  c o n t r o l  s t r u c t u r e s  and power develop- 
ment on t h e  Missouri  River and f o r  nav iga t i on  and r e l a t e d  sediment problems on 

t h e  Upper M i s s i s s i p p i  RLver c r e a t e d  a renewed i n t e r e s t  i n  sediment d i s cha rge  
measurements, Extens ive  sediment observa t ions  were made by t h e  Army Corps 
of Engineers on t h e  Missouri  River  and i t s  t r i b u t a r i e s  i n  1929 and 1930 [70 ] ,  
and con t inua l l y  s i n c e  1937, and on t h e  Upper M i s s i s s i p p i  River i n  1.930 and 1.931 
and c o n t i n u a l l y  s i n c e  1943, The program on tlae Missouri  River  was expanded i n  
1946 t o  o b t a i n  ex t ens ive  sediment da t a  f o r  des ign ,  cons t ruc t i on  and maintenance 
of t h e  m u l t i p l e  purpose dams and r e s e r v o i r s  of t h e  Mi.ssouri River  Basin Develop- 
ment Program, 

S ince  1945 t h e  Geological  Survey has measured suspended-sediment loads on 
s t reams i.n many 'bas ins ,  Severa l  new methods and concepts  have been deveLoped by 
t h e  Survey. The turbulence  flume [ 4 ]  was developed .to o b t a i n  to taL sediment d i s -  
charge s o  thaL tlse r e l a t i o n s  beixgeen tota-l ,  s-uspended-sediment d i s cha rge  and 'bed- 
load  d ischarge ,  and between measured sed.i.iiient d i scharge  and unmeasured sediment 
d i s cha rge  could be s t u d i e d ,  The modified E i n s t e i n  method [I&:\ arid d i r e c t  
v e l o c i t y  r e l a t i onsh l . p s  [12]  were devised  t o  a i d  i n  deternr?ina.ti.on of t h e  coarse-  
sediment d i scharge .  

While t he  i n t e r e s t  i n  s ed in~en t  infanma t i o n  and t h e  p r a c t i c e  of making sed- 
iment d i scharge  measurements were advancing i n  t h i s  count ry ,  contemporary in -  
t e r e s t  i n  t h e  sediment problem was developing a l l  over  t h e  world,  Sediment in -  
v e s t i g a t i o n s  of record ,  t oge the r  w i th  such da t a  a s  a r e  a v a i l a b l e  on t h e  methods 
and equipment used ,  a r e  LFsted chronokogicalky i n  Table 1 of Report No, I i n  
t h i s  s e r i e s  [36] .  

The foregoing  h i s t o r y  dea l s  p r imar i l y  w i t h  de te rmina t ions  of suspended- 
sediment d i s cha rge .  Measurements of t h e  heav i e r  m a t e r i a l  moving on o r  near  t h e  
streambed appa ren t ly  were made f i r s t  by Davis i n  1898 i n  connect ion w i th  s t u d i e s  
f o r  a proposed Nicaraguan Canal.  Twenty years  l a t e r  Kurt zman made measurements 
i n  t h e  T i r o l  Rivers  i n  c e n t r a l  Europe, This type  of work u s ing  bed-load d i s -  
charge samplers has  been developed extensi'vely i n  Europe s i n c e  1930, but  very  
l i t t l e  p rogress  i n  t h i s  d i r e c t i o n  has been made i n  America, D e t a i l s  of t h e  de- 
velopment of bed-load d i s cha rge  samplers and bed-mater ia l  samplers a r e  given i n  
Report No. 2 [ 3 7 ] .  Recent ly developed meth0d.s f o r  computing t o t a l - l o a d  d i s cha rge  
from bed-mater ial  measurements a r e  d i scussed  i n  Sec t i on  38. 

To t a l  sediment d i s cha rge  i s  being measured e f f e c t i v e l y  by t h e  Tennessee 
Val ley  Author i ty  on two srnakl s t reams,  one i n  e a s t e r n  Tennessee, [ 7 2 ] ,  t h e  
o t h e r  i n  wes te rn  North Ca ro l i na ,  Suspended sediment t h a t  passes  a we i r  i s  
measured by means of an  automatic  suspended-sediment sampler that: cont inuous ly  
d i v e r t s  a small  p o r t i o n  of t h e  flow i n t o  a tank .  The volume of sediment t h a t  i s  
depos i t ed  i n  t h e  b a s i n  upstream from t h e  wei r  i s  measured a t  r e g u l a r  i n t e r v a l s  
by s tandard  surveying methods, and samples of t he  depos i t ed  sediment a r e  analyzed 
f o r  d e n s i t y  and g r a i n  s i z e .  
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S ince  1935 t h e  S o i l  Conservat ion Se rv i ce  and A g r i c u l t u r a l  Research Se rv i ce  
have obta ined  many of t h e i r  sediment y i e l d  da ta  from sedimentat ion surveys of 
hundreds of r e s e r v o i r s  and ponds, The surveys provide information on t h e  s ed i -  
ment y i e l d  of t h e  con t r ibu t ing  watersheds from t h e  d a t e  s to rage  began t o  t h e  d a t e  
of survey.  Reservoirs  and ponds t h a t  r e t a i n  most of t h e  incoming sediment a r e  
u s u a l l y  s e l e c t e d  f o r  t he se  surveys t o  minimize adjustments  f o r  l o s s  of sediment .  
Data obta ined  from such r e s e r v o i r s  a r e  used t o  determine t h e  long-term average  
annual  sediment y i e l d s  from t h e  watershed.  

The cons t ruc t ion  of s e v e r a l . l a r g e  dams on t h e  Lower Colorado River d is rup-  
t e d  t h e  n a t u r a l  regime and brought about  a  change i n  t h e  sediment loads  being 
t r anspo r t ed  [ 7 9 ] .  The r e l a t i v e l y  c l e a r  water  r e l ea sed  from each dam p icks  up a  
sediment load from t h e  channel bed and banks, caus ing  degrada t ion  below each dam 
and aggrada t ion  i n  t h e  backwater a r ea  of t h e  next  r e s e r v o i r  damst ream.  These 
channel adjustments  cause problems of channel c o n t r o l  and f looding  a long  t h e  
r i v e r  , 

To a s s i s t  i n  t h e  a n a l y s i s ,  planning,  and des igning  of channe l i za t i on  and 
r i v e r  c o n t r o l  works, and t o  a i d  i n  eva lua t ing  and p r e d i c t i n g  f u t u r e  r i v e r  condi- 
t i o n s  and probable maintenance a f t e r  completion of channe l i za t i on  works, a  sam- 
p l i n g  program t o  determine t o t a l  sediment d ischarge  i n  t h e  E w e r  Colorado River 
was i n i t i a t e d  i n  1955 by t h e  Bureau of Reclamation, Department of I n t e r i o r  [ 7 9 ] ,  
From t h e  da t a  col lectecl  a t  var ious  sampling s t a t i o n s  t he  t o t a l  sediment d ischarge  
was computed by the  modified E i n s t e i n  procedure [ l 4 ]  f o r  each s t a t i o n  through t h e  
r i v e r  reach ,  A t e chn ica l  a n a l y s i s  of t h e  sediment loads picked up and c a r r i e d  by 
t h e  r i v e r  was necessary  t o  eva lua t e  t he  sediment problems and des ign  c o r r e c t i v e  
measures through t h e  reach .  The f low--durat ion curve [ g o ]  developed from the  flow 
record  a t  each s t a t i o n  and t h e  t o t a l  load sediment t r a n s p o r t - r a t i n g  curves de- 
veloped from t h e  computed t o t a l  sediment d ischarge ,  were used t o  e s t ima te  t o t a l  
y e a r l y  d ischarge  a t  each s t a t i o n .  

En 1951 t h e  Bureau of Reclamation began t h e  col l .ect ion of b a s i c  sediment 
da t a  t o  determine t h e  t o t a l  t r a n s p o r t  of sediment through a 155-mile reach  on t h e  
Rio Grande [6], The 'cotal sediment d ischarges  computed by t h e  modified E i n s t e i n  
procedure f o r  key po in t s  i n  t he  reach  a r e  used i n  conjunct ion  wi th  r a t i n g  curves 
of suspended-sediment d ischarge  a t  t h e  d a i l y  sedirnent sampling s t a t i o n s  t o  de- 
termine t h e  long-time average t o t a l  sediment d i s cha rge ,  

A comprehensive program f o r  t h e  development of a  US s e r i e s  of sediment 
sampling equipment was begun i n  1940 a s  a  coopera t ive  "Study of Methods Used i n  
Measurement and Analys is  of Sediment Loads i n  Streams", The samplers developed 
by t h e  p r o j e c t  [ 4 0 ]  [44]  have r evo lu t ion i zed  sediment sampling techniques i n  t h e  
United S t a t e s  and i n  many fo re ign  coun t r i e s  a s  w e l l .  Use of t he se  samplers by 
f o r e i g n  engineers  a l s o  provides a  b a s i s  f o r  comparing fo re ign  da ta  w i t h  those  
of s t u d i e s  conducted i n  t h i s  count ry .  



Sec t ion  5 17 

I n  1943, t h e  new equipment was f i r s t  used a t  a r o u t i n e  sediment sampling 
s t a t i o n  on t h e  Iowa River near  C o r a l v i l l e ,  Iowa, by t h e  U, S .  Geological  Survey 
[45 ] .  (See F ig .  1 . )  S ince  t h a t  t ime t h e  US s e r i e s  of sampling equipment has 
almost  e n t i r e l y  rep laced  o t h e r  types of sampling equipment i n  t h e  United S t a t e s .  

As new US samplers have become a v a i l a b l e ,  sampling s t a t i o n s  have been 
modif ied and sampling procedures have been changed t o  t ake  advantage of t h e  new 
equipment. The a v a i l a b i l i t y  of t he  US equipment has g r e a t l y  s t imu la t ed  i n t e r e s t  
i n  sediment sampling, has improved t h e  q u a l i t y  of sediment r eco rds ,  and has made 
many new sampling procedures f e a s i b l e .  





Sec t ion  6 19 

11. DISTRIBUTION OF SEDIMENT I N  A STREAM 

6. Types of sediment t ransportat ion--Sediment  t r a n s p o r t  i s  a  coord ina ted  
o r  dependent combination of bed movement, s a l t a t i o n ,  and suspension,  t h e  p a r t s  
of which cannot be accu ra t e ly  considered s e p a r a t e l y  except i n  the  ca se  of bed 
movement when no ma te r i a l  i s  i n  suspension.  Because t h e  phenomena a r e  not  
understood s u f f i c i e n t l y  t o  enable one t o  s a t i s f a c t o r i l y  consider  them toge the r ,  
they a r e  gene ra l ly  d iscussed  sepa ra t e ly .  

An exce l l en t  d e s c r i p t i o n  of how these  movements take  p lace  i s  given by 
G .  F .  Deacon (1894) [17]  based on t h e  observed movements of sand i n  connect ion 
wi th  s t u d i e s  f o r  t he  design of t h e  Manchester sh ip  cana l ,  

"The observa t ions  were made i n  a long f lat-bot tomed trough wi th  g l a s s  s i d e s ,  
by means of which t h e  behavior of t he  sand could be accu ra t e ly  observed. The 
sand was from t h e  e s tua ry  of t h e  Mersey, t h e  q u a n t i t i e s  moved were weighed, and 
t h e  s u r f a c e  v e l o c i t i e s  of t h e  water  were c a r e f u l l y  measured. When water  flowed 
w i t h  a  s t e a d i l y  i nc reas ing  v e l o c i t y  over  a  su r f ace  of such sand, f i n e  p i eces  of 
broken s h e l l  were f i r s t  moved; and t h e  su r f ace  v e l o c i t y  r equ i r ed  t o  produce such 
movements was cons iderably  l e s s  than one f o o t  per  second. A t  such v e l o c i t i e s ,  
however, t h e  sand proper was p e r f e c t l y  s t a b l e ,  and however long the  flow con- 
t i nued  i t  remained undis turbed;  bu t  t h e  f i n e  p i eces  of s h e l l s  a t  t h e  s u r f a c e  of 
t h e  sand moved i n  spasmodic l eaps ,  accumulating wherever t h e  v e l o c i t y  was some- 
what l e s s .  

"The f i r s t  movement of sand began a t  a  su r f ace  v e l o c i t y  of 1 . 3  f o o t  pe r  
second. This movement was confined t o  t h e  smal le r  i s o l a t e d  g ra in s  and i f  t h e  
same v e l o c i t y  was maintained,  t h e  g ra in s  so  moved ranged themselves i n  t h e  
p a r a l l e l  bands perpendicular  t o  t h e  d i r e c t i o n  of t h e  c u r r e n t ,  each band t ak ing  
t h e  form of we l l  known sand r i p p l e s  of t h e  seashore  o r  sand-bottomed stream, 
w i t h  i t s  f l a t  s l ope  upwards, and i t s  s t e e p  s lope  downwards i n  t he  d i r e c t i o n  of 
t h e  cu r r en t .  A t  t h i s  v e l o c i t y  t h e  p r o f i l e  of each sand r i p p l e  had a  very  slow 
motion of t r a n s l a t i o n ,  caused by sand p a r t i c l e s  running up t h e  f l a t t e r  s l ope  
and topp l ing  over t he  c r e s t .  The s t e e p  downward s lope  was t h e r e f o r e  be ing  con- 
s t a n t l y  advanced a t  t h e  expense of t h e  denudation of t h e  l e s s  s t eep  upward 
s lope .  A t  a  su r f ace  v e l o c i t y  of 1 . 5  f o o t  pe r  second, t he  sand r i p p l e s  were 
ve ry  p e r f e c t ,  and t r a v e l l e d  w i th  t h e  stream a t  a  v e l o c i t y  of about t h e  1/2160 
p a r t  of t h e  su r f ace  v e l o c i t y  of t h e  water .  A t  a su r f ace  v e l o c i t y  of 1 .75 ,  t h e  
r a t i o  was reduced t o  about 111050, and a t  a  s u r f a c e  v e l o c i t y  of 2  f e e t  t o  
11480. A c r i t i c a l  v e l o c i t y  was reached when t h e  su r f ace  of t he  water  moved a t  
2.125 f e e t  per  second, when t h e  sand r i p p l e s  became very  i r r e g u l a r ,  i n d i c a t i n g  
g r e a t l y  increased  uns teadiness  of motion of t h e  water .  Up t o  t h i s  po in t  t h e  
whole amount of scour was represented  by t h e  volume of t h e  sand-waves mu l t i -  
p l i e d  by an exceedingly low v e l o c i t y ,  always l e s s  than the  1/480 p a r t  of t h e  
s u r f a c e  v e l o c i t y  of t h e  water .  A t  about  t h i s  c r i t i c a l  v e l o c i t y  of 2 .1  f e e t  per  
second, t h e  p a r t i c l e s  r o l l e d  by t h e  water  up t h e  f l a t  s l ope ,  i n s t ead  of top- 
p l i n g  over t h e  s t e e p  s lope ,  were occas iona l ly  c a r r i e d  by t h e  water  d i r e c t  t o  
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the next crest; and as the velocity of the water was gradually increased, an in- 
creasing bombard-merit of each crest from the crest behind it took place, At about 
2 , 5  feet per second, another critical velocity was reached, and many of the 
Little projectiLes cl.eared the top of tihe first, or even of the second crest 
ahead. of that from which they were fi.recl, At surface velocit:ies of 2,6 to 2 - 8  
feet per second, the sand ripples becarne more arnd more? ghostlike, uaatil, at 2,9 
feet per secoalcl, they were whsS1.y rnergecl :in pertic1.e~ of sand rustsing alorzg with 
the water iri suspension, After thi.s the scour was sf totally different cilarac- 
ter; the sand and water became mixed, and a constant process of lifting, carry- 
ing, and depositing of indi.vidual pawfi.cles ensued, the sand being stirred to a 
depth and. lifted -to a height dependent upon t:Xie veLocity." 

Another description of the process by which material is arroved i n  streams 
is given by Gilbert (l9Lt.) [28] as fuSLor;~s: 

"Streams of water carry forward debris 1.n various ways, The shpl.est is 
that in which the particles are s1.id.de~a or rolled, Sl.i.ding rarely takes place 
except where the 'bed of the channeL I.s snlooth, Pure rolll,ng, in which the par- 
ticle is contiar.rously in contact with the bed, is also of small relative irn- 
portance, L f  the bed ir; uneven, the particle usual.ly does not retain contin- 
uous contact but makes Leaps, and the process is then called saltation. With 
swifter current leaps are extended, and if a particle thus freed from ttae bed 
be caught by ana ascending portion of a swirling currerat its excursion may be in- 
definitely prolonged, Thus borne it is said to be suspended, and the process 
by which it is transported is called suspensions, There is no sharp line between 
saltation and suspension, but the distinct3.on i s  nevertheless important, for it 
serves to delinnit two methods of hydraulic traa~sporta t i o n  which follow different 
laws, En suspension the efficient f a c t o r  i s  the upward component o f  motion in 
parts of the comp1.e~ current, In other transportation, including saltation, 
rolling, and sli.cling, the efficient factor is in motion parallel. with the bed 
and close to it," 

Bagno1.d (1935) j l ]  has dernonsb-.:rated t h a t  !:he rnovanent of sand in :ti..-, 

similar to the saltation move~\rxtejrl'r. observed by Gilbert, eons:l.sts I.n a series of  

l u n g ,  l.o\ii fl'.ghr:s, propell.ed by the i-,o?:f.znntal. coinponents srf the veicscity o.f :.he 
wind., after the particles have been I.aunci?etl i.nto the wind stream, T'he initial 
upward xno.clement of a particle may be due t o  ro'i.lf.ng ourex the edge o f  another, t o  
the Impact sf another particle at t h e  c-or1 of its :flight, or toa rebound of the  
particle itself upon striking an inciined surface, 

Students of sediment transportation and related probLems have recognized 
three methods by which solid particles are moved in a stream: 

a, Contact load which is the sediment that ro2I.s or slides along on the - 
streambed. The particles are in contact with the bed practically all of 
the time. 
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b .  S a l t a t i o n  load which i s  t he  sediment bounced a long  t h e  streambed by - 
t h e  flow o r  by t h e  impact of o the r  p a r t i c l e s .  The i n i t i a l  impetus which 
launches a  p a r t i c l e  i n t o  t h e  flow may be due t o  t h e  s t r i k i n g  of one 
p a r t i c l e  by ano the r ,  t h e  r o l l i n g  of one p a r t i c l e  up over  ano the r ,  o r  t h e  
f lowing of water  over t h e  curved s u r f a c e  of a  p a r t i c l e  thus  producing 
a  nega t i ve  p r e s su re .  

c .  Suspended load which i s  t he  sediment t h a t  i s  supported by v e r t i c a l  - 
components of t he  v e l o c i t i e s  i n  t u rbu l en t  flow wh i l e  be ing  c a r r i e d  forward 
i n  t h e  s t ream by h o r i z o n t a l  components of t h e s e  v e l o c i t i e s .  A l l  p a r t i c l e s  
t h a t  a r e  small  enough t o  be i n  suspension s h i f t  up and down i n  t h e  flow 
and presumably move r e a d i l y  i n t o  and out  of t he  bed l a y e r .  

7 .  --The d i s t r i b u t i o n  of sediment throughout 
a  s t ream c r o s s  s e c t i o n  i s  expressed i n  t e r n s  of sediment concen t r a t i on .  Two 
types of suspended-sediment concen t r a t i on  should be recognized:  (1) s p a t i a l ,  o r  
s t a t i c , c o n c e n t r a t i o n ,  and ( 2 )  discharge-weighted concen t r a t i on ,  

SPATIAL CONCENTRATION i s  t h e  q u a n t i t y  of sediment r e l a t i v e  t o  t he  q u a n t i t y  
of f l u i d  i n  a  f lu id-sed iment  mix ture ,  I n  t h i s  r e p o r t  it i s  d ry  weight of sed- 
iment per  u n i t  v o l m e  of water-sediment mix ture  o r  t h e  r a t i o  of t h e  d ry  -weight 
of sediment t o  t h e  t o t a l  weight  of water-sediment mix ture ,  i n  a  sample o r  u n i t  
volume. SPATIAL CONCENTRATION AT A POINT i n  t h e  c r o s s  s e c t i o n  i s  t h e  sediment 
concen t r a t i on  i n  a  small volume of t h e  water-sediment mixture a t  t he  po in t  (any 
arrow of F i g .  12b, on page 38 r e p r e s e n t s  a  s p a t i a l  concen t r a t i on  a t  a  p o i n t ) .  
SPATLAJ, COYCENTRATION I N  A VERTICAL i s  t h e  sediment concen t r a t i on  i n  t h e  water-  
sediment mix ture  i n  a  small  uniform column t h a t  i s  l oca t ed  a t  t h e  v e r t i c a l ,  and 
t h a t  extends v e r t i c a l l y  from t h e  stream bed t o  t h e  water  s u r f a c e  (average con- 
c e n t r a t i o n  of F ig .  12e) .  SPATIAL CONCENWTION I N  A CROSS SECTION i s  t h e  con- 
c e n t r a t i o n  of sediment i n  t he  water-sediment mix ture  conta ined  i n  a  u n i t  l eng th  
of channel a t  t h e  c ro s s  s e c t i o n ,  The s p a t i a l  concen t r a t i on  f o r  t h e  c r o s s  sec-  
t i o n  of F i g ,  12b i s  r ep re sen t ed  by t h e  average d i s t a n c e  between t he  p lane  pass-  
i n g  through ABCDEP and t h e  i r r e g u l a r  s u r f a c e  pa s s ing  through the  p o i n t s  of t h e  
arrows p r o j e c t e d  from p lane  ABCDEF. 

The t u r b i d i t y ,  d e n s i t y ,  and o the r  f l u i d  p r o p e r t i e s  of t h e  water-sediment 
mix ture  a r e  r e l a t e d  t o  t h e  s p a t i a l  concen t r a t i on .  

I d e a l l y ,  s p a t i a l  concen t r a t i on  could b e s t  be sampled by i n s t an t aneous ly  en- 
c l o s i n g  t h e  d e s i r e d  volume of t h e  w a t e r - s ~ d i m e n t  mix ture  and removing t h a t  vo l -  
ume a s  a  sample. However, i f  both sediment and water  move dawnstream a t  t he  same 
v e l o c i t y ,  t h e  concen t r a t i on  i n  a  p o i n t - i n t e g r a t e d  sample i s  t h e  same a s  t h e  
s p a t i a l  concen t r a t i on  a t  t h e  sampling p o i n t ,  and p o i n t - i n t e g r a t i o n  sampling i s  a  
p r a c t i c a l  way t o  o b t a i n  s p a t i a l  concen t r a t i on ,  I f  t h e  s p a t i a l  concen t r a t i on  i s  
'cnown a t  s e v e r a l  p o i n t s  i n  a  sampling v e r t i c a l ,  t he  average  s p a t i a l  concen t r a t i on  



f o r  t h e  v e r t i c a l  can be ob ta ined  by weight ing  t h e  p o i n t  concen t r a t i ons  accord ing  
t o  t h e  f r a c t i o n  of t h e  depth each r e p r e s e n t s ,  I f  t h e  s p a t i a l  concen t r a t i on  i s  
known a t  s eve ra l  v e r t i c a l s  i n  t he  c r o s s  s e c t i o n ,  t h e  average  f o r  t h e  c r o s s  sec-  
t i o n  can be ob ta ined  by weight ing  t he  concen t r a t i ons  i n  t he  v e r t i c a l s  according 
t o  t h e  f r a c t i o n  of t h e  t o t a l  c r o s s - s e c t i o n a l  a r ea  t h a t  each v e r t i c a l  r e p r e s e n t s .  

DISCHARGE-WEIM1 'EI )  SEDIMENT CONCENTWTLON i s  t h e  q u a n t i t y  of sediment d i s -  
charged r e l a t i v e  t o  t he  d i s cha rge  of t r a n s p o r t i n g  f l u i d ,  o r  f lu id-sed iment  mix- 
tu re ;  o r  t h e  concen t r a t i on  of sediment i n  a  f lu id-sed iment  d i scharge ,  I n  t h i s  
r e p o r t  i t  i s  t h e  dry  weight  of sediment i n  a  u n i t  volume of d i scharge ,  o r  t h e  
r a t i o  of t he  dry weight  of sediment d i s cha rge  t o  t h e  weight  of t h e  water-seclirnerzt 
d i s cha rge ,  DISCHARGE-WEIGHTED CONCENTMT'COPI' AT A P O I N T  i n  t h e  c r o s s  s e c t i o n  i s  
t he  concen t r a t i on  of sediment i n  t he  water-sediment di.scharge through a  small 
a r ea  of c r o s s  s e c t i o n  a t  t h e  p o i n t .  DISCHARGE-WEIGEITED C O N C E N W T S O N  I N  A 
VERTICAL, i s  t he  concen t r a t i on  of sediment i n  t h e  d i s cha rge  through the  a r ea  of a 
c r o s s  s e c t i o n  of u n i t  w id th  w i t h  t h e  v e r t i c a l  i n  t h e  middle of t h e  wid th .  
DISCI-IAXGE-WEIGHTED C O N C E N E U T I O N  I N  A CROSS S E C T I O N  i.s t h e  concen t r a t i on  of s ed i -  
ment i n  t h e  d i scharge  through the  e n t i r e  c r o s s  s e c t i o n ,  

The discharge-weighted concen t r a t i on  may be m u l t i p l i e d  by t h e  s t ream d i s -  
charge t o  o b t a i n  t h e  d i s cha rge  of sediment.  

The discharge-weighted concen t r a t i on  a t  a  po in t  i n  t h e  c r o s s  s e c t f o n  can be 
ob ta ined  from a  p o i n t - i n t e g r a t e d  sediment sample, The discharge-weighted con- 
c e n t r a t i o n  i n  a  sampling v e r t i c a l  can be ob ta ined  from t h e  concen t r a t i on  i n  a 
dep th - in t eg ra t ed  sample f o r  t h e  v e r t i c a l  o r  from p o i n t - i n t e g r a t e d  samples t h a t  
a r e  weighted accord ing  t o  t h e  v e l o c i t y  and depth each sample r e p r e s e n t s  i n  t h e  
v e r t i c a l ,  The discharge-weighted concen t r a t i on  i n  a  s t ream i s  obta ined  by 
weight ing  t he  discharge-weighted concen t r a t i on  a t  each v e r t i c a l  according t o  t h e  
f r a c t i o n  of t h e  t o t a l  d i s cha rge  t h a t  each v e r t i c a l  r e p r e s e n t s .  

The concen t r a t i ons  d i s cus sed  throughout t h i s  r e p o r t  a ~ i l l  g e n e r a l l y  be 
c l e a r l y  understood w i thou t  s p e c i f y i n g  s p a t i a l ,  o r  discharge-weighted,  a s  long a s  
t h e  r eade r  understands t h e  b a s i c  d i f f e r e n c e s  between t h e  two, 

The we igh t - r a t i o  method of express ing  sediment concen t r a t i on  i n  pe rcen t ,  o r  
i n  p a r t s  per  m i l l i o n  ( 1  pe rcen t  = 10,000 ppm) i s  now i n  gene ra l  use  i n  t h i s  
count ry  and i n  fo r e ign  c o u n t r i e s  a s  w e l l ,  Ra t i o s  a r e  a l s o  commonly used i n  s an i -  
t a r y  and water-works p r a c t i c e ,  

There a r e  t h r e e  v a r i a t i o n s  of t he  w e i g h t - r a t i o  method of determining sed- 
iment concen t r a t i ons :  

(1) weight of d ry  sediment d iv ided  by t h e  weight  of t h e  e n t i r e  water -  
sediment sample, 
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(2)  weight  of dry sediment d iv ided  by t h e  weight  of wa t e r  i n  t h e  water-  
sediment sample, 

(3) weight  of d ry  sediment d iv ided  by t h e  weight  of pure  water  equal  i n  
volume t o  t h e  volume of t he  sample. 

Although t h e  f i r s t  method i s  gene ra l l y  used,  sometimes t h e  de te rmina t ion  of 
concen t r a t i on  i s  s impler  by t h e  second o r  t h i r d  method; p a r t i c u l a r l y  t h e  t h i r d  
when t h e  volume of t h e  water-sediment mix ture  can be measured i n  t h e  f i e l d ,  thus 
e l im ina t i ng  e r r o r s  from evaporat ion be fo re  t he  sample i s  analyzed i n  t h e  labora-  
t o ry .  The graphs shown i n  F i g .  2 [38]  may be used t o  convert  t h e  second and 
t h i r d  types  of concen t r a t i on  t o  t h e  b a s i s  of t o t a l  sample weight .  As shown i n  
t h e  upper graph, d i f f e r e n c e s  between t h e  f i r s t  method and t h e  o t h e r  two a r e  
n e g l i g i b l e a t a  concen t r a t i on  of 0 .1  pe rcen t  (1,000 ppm), and even & a  concentra-  
t i o n  of 1 pe rcen t  (10,000 ppm) they do n o t  exceed 1 pe rcen t .  

I f  concen t r a t i on  i s  expressed a s  t h e  r a t i o  of weight  of sediment t o  t o t a l  
weight  of water-sediment mixture,  t he  d i scharge  of sediment can be ob ta ined  by 
mu l t i p ly ing  t h e  weight  of t h e  mix ture  t h a t  i s  d i scharged  by t h e  d i scharge-  
weighted concen t r a t i on .  General ly  t he  d i scharge  i s  i n  terms of volume and t he  
d i s cha rge  i s  m u l t i p l i e d  by t he  weight of a  u n i t  volume of water  t o  o b t a i n  t he  
weight  of d i s cha rge .  One should remember t h a t  a s  t h e  sediment concen t r a t i on  goes 
up, t h e  weight  of a  u n i t  volume of d i scharge  i nc r ea se s  s l i g h t l y .  Consequently, 
i t  i s  no t  t h e o r e t i c a l l y  p r e c i s e  t o  u se  volume of d i s cha rge  t o  compute d i scharge-  
weighted concen t r a t i ons  d i r e c t l y  from samples w i th  sediment t o  water  r a t i o s  such 
a s  (1) and (2 )  above. I f  t h e  change i n  weight  pe r  u n i t  volume of water-sediment 
mix ture  i s  ignored,  t h e  e r r o r s  a r e  gene ra l l y  small  a s  may be seen i n  F i g .  3 ,  
which shows t h e  percentage  c o r r e c t i o n s  which apply  t o  computations based on t he  
weight  of pure  wa te r .  

8 .  --A g r e a t  many t h e o r i e s  have been proposed 
concerning t h e  suspension of sediment i n  f lowing water  b u t  on ly  w i t h i n  t he  pa s t  
two decades has a  p l a u s i b l e  a n a l y s i s  of t h i s  phenomenon been developed. It i s  
now gene ra l l y  recognized t h a t  t h e  suspension of sediment i n  a  s t ream i s  d i r e c t l y  
r e l a t e d  t o  t h e  t u rbu l ence  of t he  f lowing wa te r  a s  expla ined  by Lane and Kalinske 
(55, 56) .  The a n a l y t i c a l  b a s i s  f o r  t h i s  concept i s  b r i e f l y  presen ted  i n  t h i s  
r e p o r t ,  a s  an unders tanding  of t he  tu rbulence  concept  w i l l  a i d  i n  p lanning  and 
ca r ry ing  ou t  a  s a t i s f a c t o r y  sediment measurement program, 

I n  t u r b u l e n t  flow t h e  d i r e c t i o n  of t h e  c u r r e n t  a t  a  given po in t  changes 
r a p i d l y  and haphazardly.  Although t h e  flow a t  t h e  p o i n t  has  a  genera l  forward 
motion, i n  a  s h o r t  space  of t ime small  a r e a s  of t h e  flow, o r  eddies ,  f l u c t u a t e  
a l s o  i n  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s .  These f l u c t u a t i o n s  a r e  i r r e g u l a r  
and haphazard and do n o t  fo l low any d e f i n i t e  sequence. S i m i l a r l y  t h e  v e l o c i t y  
of t h e  water  a l s o  changes, f l u c t u a t i n g  about  a  mean va lue  i n  a n  i r r e g u l a r  manner. 
F i g .  4 [50]  i l l u s t r a t e s  how the  v e l o c i t y  a s  determined w i t h  a  c u r r e n t  meter 
f l u c t u a t e d  a t  t h r e e  p o i n t s  i n  a  v e r t i c a l  i n  t h e  M i s s i s s i p p i  River .  



24 - Section 8 

8.001 10 
Use curve B i f  concentration hos be@n computed 

from the lorrnuio pz100  (Ws/wV,) 

Where p = percentage sed~rneni 
Ws= dry vecght of sedlment in eornple 
a = unct weight of r a t e r  
V = volume of water in sample 
Vg= volume of entire sample 

I 
I 10 100 

Percentage sedlment as computed (8osed on sp. gr. 2 .65)  

1,000 10 ,000  100.000 1,000,000 

p.p.m. sediment a s  computed 

F I G .  2 - -CORRECTION CHART TO DETERMINE SEDIMENT CONCENTRATION 

EASED ON TOTAL WEIGHT O F  SAMPLE 

A d a p t e d  f r o m  F i g .  81 of re ference  38 
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FIG. 3--CORRECTIOiL7S THAT APPLY TO SEDIMENT WEIGHTS COMPUTED 
BY MULTIPLYING SEDIMENT CONCENTRATION* 

BY WEIGHT OF PURE WATER 

7k C o n c e n t r a t i o n  used h e r e  i s  t h e  r a t i o  of w e i g h t  
o f  sediment  t o  t o t a l  w e i g h t  of water-sediment  
m i x t u r e .  S p e c i f i c  g r a v i t y  of sediment ,  2 .65  



T I E  IN HOURS 

P E G ,  4--FLUCTUATIONS IN VELOCT'R OBSERVED 1.N THE 
MISSISSIPPI R I V E R  NFAR MUSCLiTINE, IOWA. 

Adapted from F i g ,  E sf re fe rence  50 

Sedinment c a r r i e d  i n  suspension i s  a c t e d  on i n  t h e  v e r t i c a l  d i r ec t i . on  by 
momentary c u r r e n t s  which move upward o r  dosmward i n  t h e  s t ream. Because t h e  
water  Level i n  t h e  s t ream remains unchanged, t h e  q u a n t i t y  of upward and dsa.rn~dard 
flow must be equa l ,  I f  t he  upward and downward c u r r e n t s  were t he  only f o r c e s  
a f f e c t i n g  t h e  v e r t i c a l  movement of sediment ,  complete mixing would soon t a k e  
p l ace  and t h e  concen t r a t i on  of sediment would 'become uniform throughout t h e  
depth ,  However, a l l  p a r t i c l e s  of s p e c i f i c  g r a v i t y  g r e a t e r  than  t h a t  of water  
s e t t l e  s t e a d i l y  downs~ard. Under t he  combined a c t i o n  of v e r t i c a l  c u r r e n t s  and 
g r a v i t a t i o n a l  f o r c e ,  a  p a r t i c l e  caught i n  a  c u r r e n t  moving upward a t  a r a t e  
g r e a t e r  than  t h e  s e t t l i n g  v e l o c i t y  of t h e  p a r t i c l e  sb.ould be t r anspo r t ed  upward, 
b u t  i f  i t  i s  suspended. in water  movir~g dowr~ward, o r  moving upward a t  a  r a t e  l e s s  
than  i t s  s e t t l i n g  v e l o c i t y ,  t h e  p a r t i c l e  should move downward, It might seem 
t h a t  t h e  downward c u r r e n t s  would t a k e  down a s  much sediment a s  t he  upward ones 
c a r r y  up, w i t h  t h e  r e s u l t  t h a t  a l l  t he  m a t e r i a l  f i .na l ly  would s e t t l e  t o  t h e  
bottom. However, a s  s e t t l i n g  t akes  p l a c e  t h e  sediment concen t r a t i on  i n c r e a s e s  t o -  
ward t he  bottom, and t h e  upward c u r r e n t s  t r a v e l  from a reg ion  of h igher  coaxen- 
t r a t i o n  t o  one of Lower concen t r a t i on ,  whereas f o r  t h e  dowrtward c u r r e n t s  t h e  
oppos i t e  r e l a t i o n  p r e v a i l s .  As t h e  amounts of water  moving upward and downward 
a r e  equal  and t h e  sediment concen t r a t i on  i n  t h e  r i s i n g  c u r r e n t s  i s  p o t e n t i a l l y  
g r e a t e r  than i n  t h e  downward c u r r e n t s ,  more sediment must be  a c t e d  upon by t h e  
r i s i n g  than  by the  f a l l i n g  c u r r e n t s ,  The s e t t l i n g  a c t i o n  superimposed on t h e  
f l u c t u a t i n g  upward and downward c u r r e n t s  t ends  t o  produce a balanced suspens ion  
i n  which t h e  r a t e  of i nc r ea se  i n  sediment concen t r a t i on  toward t h e  bottom de- 
pends upon t h e  degree of tu rbulence  i n  t h e  s t ream and t h e  s e t t l i n g  v e l o c i t y  of 
t h e  suspended p a r t i c l e s .  
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Assume t h a t  t h e  equi l ib r ium d i s t r i b u t i o n  of suspended-sediment concent ra -  
t i o n  i n  t h e  v e r t i c a l  i s  r ep re sen t ed  by t h e  curve BC (Fig.  5a) [41:, and con- 
s i d e r  a  s e c t i o n  of a  h o r i z o n t a l  p l ane  a t  P having an  a r ea  A .  Turbulent  c u r r e n t s  
pass  through t h i s  a r e a ,  some having upward and o t h e r s  having downward compo- 
n e n t s .  Those which pass  upward c a r r y  sediment from a  bower l e v e l  where t h e  con- 
c e n t r a t i o n  i s  g r e a t e r  than a t  P a s  shown by t h e  curve BC.  The c u r r e n t s  which 
move downward c a r r y  water  from a  h ighe r  l e v e l  where t he  sediment concen t r a t i on  
i s  l e s s  than a t  P As t he  same amount of water  passes  upward and downward 
through t h i s  a r e a ,  t he  product of t h e  v e r t i c a l  v e l o c i t y  and t he  corresponding 
sediment concent ra t ion  must be g r e a t e r  i n  t he  upward d i r e c t i o n .  When equ i l i b r i um 
e x i s t s  t h e  amount of m a t e r i a l  which s e t t l e s  through a r ea  A owing t o  t h e  f o r c e  of 
g r a v i t y  equals  t he  excess of t h a t  c a r r i e d  upward over t h a t  c a r r i e d  downward by 
t h e  v e r t i c a l  c u r r e n t s .  

Coarse p a r t i c l e s  tend t o  s e t t l e  through a r ea  A f a s t e r  than do f i n e  par -  
t i c l e s .  The water  motion ac ros s  a r e a  A w i l l  n o t  be apprec iab ly  d i f f e r e n t  f o r  
sediments of d i f f e r e n t  s i z e s .  Therefore ,  equi l ib r ium can be a t t a i n e d  only  i f  
t h e  v e r t i c a l  d i s t r i b u t i o n  of sediment v a r i e s ,  w i th  t h e  concen t r a t i on  i n c r e a s i n g  
more toward t h e  bottom f o r  coa r se  than  f o r  f i n e  sediment ,  I n  F i g .  5b, curve  BC 
might r ep re sen t  t h e  d i s t r i b u t i o n  f o r  f i n e  sand, and curve DE f o r  a  c o a r s e r  sand. 
For  s i l t s  and c l a y s  t h e  concen t r a t i on  would be  e s s e n t i a l l y  equal throughout  t h e  
depth .  

CONCENTRATION 

FIG. 5 - - T Y P I C A L  V E R T I C A L  SEDIMENT D I S T R I B U T I O N S  FOR SANDS 

A d a p t e d  from F i g .  2 of reference 41 



For sediment p a r t i c l e s  of uniform densi . ty ,  t h e  s e t t l i n g  r a t e  i nc r ea se s  w i t h  
s i z e ,  bu t  no t  p r o p o r t i o n a l l y .  The s e t t l i n g  r a t e  f o r  p a r t i c l e s  smal le r  than 
about 0,062 m i n  s i z e  v a r i e s  approximately a s  t h e  square  of t he  p a r t i c l e  diann- 
e t e r ,  whereas p a r t i c l e s  of coarse  sand s e t t l e  a t  r a t e s  which vary  approximately 
a s  t he  square  r o o t  of t he  diameter .  P a r t i c l e s  of i n t e rmed ia t e  s i z e  have 
s e t t l i n g  v e L o c i t i e s  which v a r y  a t  inte~lmedi.ate r a t e s ,  'fie 0.062.-mn s i z e  i.s t h e  
approximate d i v i s i o n  po in t  between sediments cl.assecl a s  s i l t s  and those  c l a s s e d  

a s  sands.  Clay p a r t i c l e s  (which a r e  f i n e r  than  s i l t s )  and s i l t  p a r t i c l e s  a r e  
o r d i n a r i l y  f a i r l y  uniformly d i s t r i b u t e d  i n  a  s t ream, bu t  sand p a r t i c l e s  a-re 
u s u a l l y  more concen t r a t ed  near  t h e  bottom than  near  t h e  su r f ace ,  t he  degree of 
v a r i a t i o n  be ing  a  func t i on  of t he  coarseness  of t he  p a r t i c l e  (F ig .  6)  [ 4 L ] .  

CONCEMTWATlm4:- I SPACE = 100 P P.M BY WEIGHT 

FIG,  6--VERTICAL DXSTRZEUTEON OF SEDIMENT IN THE PIISSOUR1 R I V E R  

AT ICraNSAS C I T Y ,  MOO 

Adapted from F i g ,  3 of r e f e r e n c e  41 

9. J'grtical. d i s t r i b l t t i ~ n  of v e l . o c i ~ y ~ - ~ . ~ ? t , d ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ - - W h e n  measured 
s t ream v e l o c i t i e s  a r e  p l o t t e d  on semi-logar%th_mic paper a g a i n s t  he igh t  above the 
bed, they g e n e r a l l y  f i t  t he  von Rarman Logarithmic law [ 5 4 ,  78, 821, which can 
be  expressed by 

i n  which u  i s  t h e  p o i n t  v e l o c i t y  a t  a d i s t a n c e  y up from t h e  bed, u i s  t h e  mean 
v e l o c i t y  a t  t h e  v e r t i c a l ,  u ; ~  i s  t h e  shear  v e l o c i t y  ( =  @, i n  which s  i s  t h e  
s l ope  of t h e  energy g r a d i e n t ) ,  d i s  t he  flow depth  a t  t h e  v e r t i c a l ,  and k.is t h e  
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von Karman u n i v e r s a l  c o e f f i c i e n t  f o r  t u r b u l e n t  exchange,  which has  a v a l u e  of  
0 . 4  f o r  c l - ea r -wa te r  f low o v e r  p l a n e  b e d s .  F i e l d  measurements i r ?  c l e a r - w a t e r  

-6 
r i v e r s  v e r i f y  t h i s  v a l u e  [5]. Lf m i s  t h e  s l o p e  o f  t-he s t r a i g h t  Line  th rough  
p l o t t e d  p o i n t s ,  t h e n  a v a l u e  f o r  k c a n  b e  computed from 

2 ,30ur t ,  k r- -~-- 
m 

Vanoni and Brooks [ & 2 ]  made 1-neasurements of  veloi:%.ty d i s t r i b u t i o n  i i i  t i le  
v e r t i c a l  a t  t i le  c e n t e r  s f  a 3 3 . 5 - i n ,  wi.de I.aborat:ory f lume .  L?esu.lts f o r  i:wo 
fl.rws s f  t h e  same s l o p e  and d e p t h ,  one  v.11-11 cl .ear  w a t e r  and t h e  o t h e r  w i t h  a 
iiieal? seciiment c o n c e n t r a t i o n  of 1 5 . 8  grams p e r  l i t e r  of G , l - , m n l  sediment. ,  a r e  
sh0b711 by t h e  ser~!i.-log p l o t  i n  F i g ,  7 .  The scdii~ierlt-,ii-ziJieii f l o w  had a iiigi-ler. :/e-. 
l o c i t y  and  a Iower f r i . c t i . a n  f a c t o r  represe-r!t:ecl by ks tl-1a.n % h e  c!.ear-i.4ate.r flosv., 
In t h e o r y  t h e  v a l u e  o f  k, for. c l e a r - w a t e r  flow aricl Ir, foe- sed-ment-.?adtr:rr 'iliw 

shou ld  b e  tihe same 1.51 but: a c t u a l l y  t h e y  a r e  c l i - f f c ren t  p a r t l y  because  ks i s  not: 

a t r u e  t:urbulence c o n s t a n t .  Tiley botl i  . represent .  r ' u n c ' c i o ~ ~ s  of i:i~r! vertical &is-  
t r i b u t i o n  of  v c i o c i t y ,  b u t  t h e y  a r e  i) .ei . tber c o n s t a n t  rnor eclua.i., Resi~1.t-s  oil 

f i e l d  measurer tents  0x1 t h e  Middle Loup R i v e r  a t  l?uani.rzg, Nebraska ,  }lave show11 

t i le  v a l u e  of  ks may be a s  hi.gh a s  4,00 f o r  sed:i.rnent--l.acle f low over  sand-rliirie 
heds [:lh], 

Giieasurernents of v e l o c i t y  and siidirneni c l i . s t r ib t r t ion  w e r e  made i.n a i;t:iiciy o f  

sedi.menk t r a n s p o r t  c h a r a c t : e r i s t i c s  i n  a r e a c h  of tl-ie Missouri. R ive r  at. Omalia, 

Nebraska ,  i u  1952 [ 7 4 ] ,  The clata ( F i g s , ,  8 and 9 )  correspo!-id i.0 t h e  g;e.rT.t'z.n? form 

of t h e  cm~irr~o~sly a c c e p t e d  1.ogari"cmic foxrnul,ac?, Wo~qevcl:, a s  i.doultL h e  e x p e c t e d ,  

rhe mea.sured d a t a  a r e  n o t  i n  agreement  :./itrh the  ~ r o n  Kar-ma:-! consta;rL for t l ie  f:l.ow 
of  c lear .  w a t e r  o v e r  f i x e d  b o u x ~ d a r i e s ,  l?he mciasiireil ve1.oci . t i .e~  p:!.ol: ir: s t c a i ~ i h t  7 -  

i . i n e s  w i t h  r e s p e c t  t o  l o g  y ,  ( P i g .  8 )  b u t  ti-re s7,opes ai! t h e  s t r a i g h t :  I%.nes  a r e  

not t h e  same ,  

The r e l a t i o n  of  seciirnent concentri-it::l.on t o  d e p t h  can  b e  e x p r e s s e d  i n  t h e  
farm - 

o r ,  i f  a r e f e r e n c e  :Level y = a i s  a d o p t e d ,  the more common f o r ~ : ~  [82'] [66] 

C Id-y 
.J , x 

a ) A  Ca d-a 

may he u s e d  where  Cy i s  t h e  concentrai.:i.on of a s p e c i f i e d  s i z e  of sed.iment a t  any 
d i s t a n c e ,  y ,  abcve  t h e  strea.mbed, Ca i s  t h e  c o n c e n t r a t i o n  of t h e  same s i z e  of  
sediment  a t  r e f e r e n c e  l e v e l  y =  a ,  d i s  t h e  s t r e a m  dep-th a t  t h e  xrertica'l. ,  and Z 
i s  t h e  theorre t ica l .  exponent  t h a t  d e s c r i b e s  t h e  v r e r t i c a l  d i . s t r i . b~a t ion  of  susgend-  
ed s e d i m e n t ,  The t h e o r e t i c a l  Z f o r  f lows  o v e r  a p l a n e  bed i s  e q u a l  t o  w/ku, 
where w i s  t h e  s e t t l i n g  veloci- 'cy of a g i v e n  s i z e  of  s e d i m e n t ,  k t h e  c o e f f i c i e r i t  
f o r  t u r b u l e n t  exchange,  and  ka3\ t h e  s h e a r  v e l o c i t y  which. i s  e q u a l  t o  ma How- 
eve& t h e  t h e o r e t i c a l  Z i s  n o t  v e r y  r e l i a b l e ,  Whenever p o s s i b l e  i t  s h o u l d  be 
r e p l a c e d  by ZL which i s  t h e  s l o p e  of  t h e  l o g - l o g  p l o t  of ( d - y ) / y  v e r s u s  C f o r  
measured d a t a ,  Zl  v a l u e s ,  which a r e  computed from measured d a t ~  a r e  f u n c t i o n s  



VELOCITY, FT//SEC 

kc = c l e a r  wa te r  d a t a  
ks = sediment l aden  flow d a t a  
d E d e p t h  of f low 
y = d i s t a n c e  up from streambed 
s = s l o p e  of energy g r a d i e n t  
C = sediment c o n c e n t r a t i o n  

C o n c e n t r a t i o n  of sediment i n  t h e  

d i s c h a r g e  which i n c l u d e d  b o t h  
suspended load  and bed l o a d  

FIG. 7--EFFECT OF SEDIMENT CONCENTRATION ON 
VERTICAL VELOCITY DISTRIBUTION 

Adapted from F i g .  2 of r e f e r e n c e  82  
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FIG, 8--VELOCITY PROFILES I N  THE MISSOURI R I V E R  AT OKbi&9., NEBR, 

Adapted from reference  74  
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CONCENTRATION g/  1 

Z1 = s l o p e  of  measured suspended 
sand c o n c e n t r a t i o n  c u r v e s  

A l o g  c 

A l o g  * 
Y 

FIG. 9--SUSPENDED-SEDIMENT DISTRIBUTION IN THE MISSOURI RIVER 
AT OIIIAIZA, NEBR. 

Adapted from r e f e r e n c e  7 4  
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o f  k.  A log-log plot  o f  concentra t ion  and r e l a t i v e  depth,  ( d - y ) / y ,  f o r  Missouri 
River data i s  shown on F i g .  9 .  

Available data on mean r a t i o s  o f  spa t ia l  sediment concentrat ions near t h e  
mid-depth and near the  bottam t o  thoseaear t h e  sur face  are surmnai-ized i n  
Pig.  L O  [ 4 l ] .  The data are f o r  z large number o f  r i v e r s  o f  t h e  United S ta t e s  
and o ther  coun t r i e s .  Detailed in format ion  regarding these  measurements i s  
given i n  Table 3 o f  Report No. 1 [ 3 6 ] .  The concentrat ions near t h e  mid-depth 
and near the  bottom were almost always greater than those  near t h e  s u r f a c e ,  
The bottom concentrat ion r a t i o s  were near ly  always greater than t h e  mid-depth 
r a t i o s .  The chart a l so  ind ica te s  t h a t  50 percent o f  t h e  mid-depth samples and 
47 percent o f  t h e  bottom samples exceeded t h e  corresponding sur face  concentra- 
t i o n s  more than 10 percent ,  and t h a t  30 percent o f  t h e  mid-depth and 56 percent 
o f  t h e  bottom samples exceeded corresponding sur face  concentrat ions more than 
20 percent ,  Each value shown i n  F i g .  10 i s  t h e  mean o f  a number o f  observations 
a t  a s ing le  s t a t i o n .  There were over 1,000 observations a t  some s t a t i o n s .  

10 ,  - - In  long 
reaches o f  uni form channel,  t h e  hor izonta l  d i s t r i b u t i o n  o f  v e l o c i t y  across a 
stream generally fol lows the  square root o f  t h e  stream depth ,  This  i s  indicated 
by  t h e  Chezy empirical formula, ~ = ~ m , w h e r e  t h e  slope i s  assumed t o  be t h e  
same a t  a l l  points  across t h e  channel and t h e  hydraulic  radius i s  t h e  depth.  
Consequently t h e  d i s t r i b u t i o n  i s  r e l a t i v e l y  un i fo rm for  many stream channels .  

Except below large important t r i b u t a r i e s ,  or i n  streams w i t h  i r regu lar  
cross s e c t i o n s ,  t h e  suspended-sediment concentrat ion i s  o rd inar i l y  f a i r l y  un i -  
form across a stream. However, water en ter ing  from a t r i b u t a r y  tends t o  s tay  
on i t s  s ide  o f  t he  channel f o r  a considerable d is tance  down-stream. I f  t h e  
sediment content  o f  t h e  main and t r i b u t a r y  streams d i f f e r  apprec iably ,  t h e  
sediment concentrat ion may not  become uni form across t he  stream for  a long 
d i s tance  below t h e  junct ion.  

The avai lable  data on t ransverse  d i s t r i b u t i o n  o f  suspended sediment given 
i n  Table 2 of'  Report No. 1 [ 3 6 ]  have been arranged i n  F i g .  b l  [ 4 1 ]  t o  show t h e  
frequency o f  dev ia t ions  o f  concentrat ion from t h e  mean for  t he  cross s ec t ion .  
A c q a r i s o n  o f  F i g .  11 w i t h  F i g .  10 ind ica te s  t ha t  t h e  t ransverse  v a r i a t i o n  o f  
suspended-sediment concentrat ion i s  o rd inar i l y  l e s s  than t h e  v e r t i c a l  v a r i a t i o n ,  

Other data (Missouri  River data [ 5 ] ) ,  however, i nd ica te  t h a t  al though t h e  
d i s t r i b u t i o n  o f  sediment discharge i n  a cross s ec t ion  may be r e l a t i v e l y  cons tan t ,  
t h e  concentrat ion may vary r a d i c a l l y  i n  accordance w i t h  the  character o f  t h e  
bed form ( i . e . ,  smooth bed or dune forms) .  For example, i n  a cross s ec t ion  con- 
s i s t i n g  o f  a par t ia l  w id th  o f  r e l a t i v e l y  deep flow and a par t ia l  w id th  o f  
shallow f low,  t h e  deep sec t ion  may conta in  dune forms, w i t h  r e l a t i v e l y  low re-  
l o c i t y  and concentrat ion wh i l e  t h e  shallow port ion may contain a smooth bed w i t h  
h igh  v e l o c i t y  and concentra t ion .  (See  a l s o  laboratory report b y  Kennedy [ 5 3 ] . )  
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F I G .  10--OBSERVED VERTICAL D I S T R I B U T I O N  OF SUSPENDED SEDIMENT 

Adapted from F i g .  5 of r e f e rence  41 
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Thus, i n  many cases  t h e  l o c a t i o n  of sampling po in t s  i n  t h e  c ros s  s e c t i o n  would 
no t  be c r i t i c a l  whi le  i n  o the r  cases  i t  would be important .  Also, i n  t h e  proxi -  
im i ty  of t r i b u t a r y  inf low, below caving banks, o r  when depths vary ac ros s  t h e  
s e c t i o n ,  t h e  v a r i a t i o n  of sediment concent ra t ion  may be g r e a t e r  from one s i d e  
of t h e  stream t o  t h e  o the r  than between d i f f e r e n t  po in t s  i n  a  given v e r t i c a l  
s e c t i o n .  

0 2 0  4 0 6 0  8 0 100 

PERCENT OF TOTAL O B S E R V A T I O N S  
FOR WHICH T H E  C O R R E S P Q N D I H G  O R D I N A T E S  A W E  E Q U A L L E D  OW EXCEEDED 

PIG. 11--OBSERVED TRANSVERSE DIS%SIIBUTIOt;  OF SUSPENDED SEDIMENT 

Adapted from P i g ,  7 of r e f e r e n c e  41 
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111. MEASUREMENT OF SUSPENDED-SEDIMENT DISCHARGE 

11. General condi t ions- -Genera l ly  suspended-sediment samples a r e  taken  t o  
determine t h e  sediment d i scharge  of t h e  s t ream, o r  t o  determine both t h e  s e d i -  
ment d i scharge  and t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  These measurements a c t u a l l y  
apply  on ly  t o  t h e  s h o r t  per iod  of t ime f o r  which t h e  samples r ep re sen t  s t ream 
cond i t i ons ,  Determinat ion of t h e  suspended-sediment d i s cha rge  cont inues  t o  be 
t h e  predominant phase of sediment i n v e s t i g a t i o n ,  bu t  i n c r e a s i n g  emphasis i s  
be ing  p laced  upon s t u d i e s  of p a r t i c l e  s i z e  and s i z e  d i s t r i b u t i o n ,  A knowledge 
of t he  tu rbulence  theory  of suspended-sediment t r a n s p o r t a t i o n  has shown t h a t  
in format ion  on p a r t i c l e  s i z e  i s  necessary  f o r  t h e  s o l u t i o n  of p r a c t i c a l l y  a11  
f l u v i a l  sediment problems. 

The fo l lowing  d i s cus s ion  w i l l  emphasize methods of determining suspended- 
sediment d i s cha rge  because of t h e  importance of t h i s  phase of sediment work. 
However, p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  a  s t ream i s  u s u a l l y  determined from 
samples ob ta ined  i n  t h e  same manner. Therefore,  a  d i s cus s ion  of t he  methods 
used  t o  determine t h e  d i s cha rge  of suspended sediment: i n  a  stream w i l l  cover 
most sediment sampling problems. 

I f  t he  sediment c a r r i e d  i n  suspension were uniformly d i s t r i b u t e d  w i t h i n  
a  s t ream c r o s s  s e c t i o n ,  t h e  suspended-sediment d i s cha rge  could be determined 
f a i r l y  simply, Then a  s i n g l e  sample taken a t  any p o i n t  would i n d i c a t e  t h e  
average suspended-sediment concen t r a t i on  f o r  t h e  c r o s s  s e c t i o n .  The sediment 
d i s cha rge  would be  t h e  product  of t h e  sediment concen t r a t i on ,  t h e  s t ream d i s -  
charge,  and a  conversion f a c t o r  f o r  t he  u n i t s  of measurement used.  Unfor- 
t u n a t e l y ,  however, t h e  concen t r a t i on  of f l u v i a l  sediment v a r i e s  more o r  l e s s  
throughout  any c r o s s  s e c t i o n  of a  s t ream, and t h e s e  v a r i a t i o n s  must be taken 
i n t o  account i f  an  a c c u r a t e  measurement of sediment d i s cha rge  i s  t o  be made. 

Ord ina r i l y ,  suspended-sediment concen t r a t i ons  a r e  based on l abo ra to ry  
ana ly se s  of samples of t h e  water-sediment mix ture  ob t a ined  w i th  a  suspended- 
scdiment sampler ,  The corresponding water  v e l o c i t y -  and d i s cha rge  a r e  u s u a l l y  
ob ta ined  from cur ren t -meter  measurements. The sediment d i s cha rge  pe r  u n i t  
a r e a  a t  a  p o i n t ,  o r  pe r  u n i t  wid th  a t  a  v e r t i c a l ,  i n  t h e  s t ream i s  computed 
from t h e  sediment concen t r a t i on  and s tream d i scha rge .  

I t  i s  important  t o  o b t a i n  a t  l e a s t  some b a s i c  d a t a  on any stream where a  
sediment problem i s  t o  be s t u d i e d ,  Although computations based on meager d a t a  
may be  cons iderab ly  i n  e r r o r ,  they w i l l  g e n e r a l l y  be b e t t e r  than e s t ima te s  
based e n t i r e l y  on da t a  from o t h e r  s t reams.  Sediment concen t r a t i on  may va ry  
wide ly  from one s t ream t o  ano the r .  l o r  example, t h e  Gasconade River a t  Rich 
Founta in ,  Missouri ,  c a r r i e s  an  average sediment concen t r a t i on  of about 0.0076 
percent  whereas t h e  Rio Grande a t  San Marcial  has  a concen t r a t i on  of about 
1 .42  pe rcen t ,  o r  n e a r l y  200 times a s  much. Thus, w i thou t  l o c a l  d a t a ,  a n  
e s t ima te  of sediment concen t r a t i on  may be i n  e r r o r  s e v e r a l  hundred pe rcen t .  
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The e r r o r  may be s i g n i f i c a n t l y  reduced w i th  only a  few f i e l d  measurements and 
t h e  improved accuracy w i l l  u s u a l l y  j u s t i f y  t h e  c o s t  of a t  l e a s t  a  small sam- 
p l i n g  program. 

12 ,  Streamflow da t a  must be ob ta ined  
f o r  any d e t a i l e d  suspended-sediment s t udy ,  I f  no gaging s t a t i o n  i s  maintained 
near  t he  sampling po in t  on t he  s t ream, one should be e s t a b l i s h e d ,  The water  
v e l o c i t y  i n  a  s t ream v a r i e s  from po in t  t o  p o i n t  i n  any c r o s s  s e c t i o n .  It i s  
u sua l l y  h ighe r  near  t he  c e n t e r  of t h e  stream than a t  t h e  banks, and i t  i s  a l s o  
h igher  near  t h e  s u r f a c e  than near  t h e  bottom, The maximum v e l o c i t y  u s u a l l y  
occurs  a t  o r  j u s t  below the  s u r f a c e  a long  t h e  thalweg of t h e  s t ream, The ve- 
l o c i t y  d i s t r i b u t i o n  i n  a  c ro s s  s e c t i o n  of a  r e l a t i v e l y  s t r a i g h t  n a t u r a l  s t ream 
i s  r ep re sen t ed  i n  F i g .  12a [ 4 L ] .  The v e l o c i t i e s  a t  va r ious  p o i n t s  normal t o  t h e  
c r o s s  s e c t i o n  ABCDEF a r e  i nd i ca t ed  by arrows,  FOP example, t h e  Length of arrow 
CG r ep re sen t s  t h e  v e l o c i t y  a t  t h e  s u r f a c e  of t he  water  a t  po in t  C .  The mean 
v e l o c i t y  of t he  stream a t  t h e  s e c t i o n  would be t h e  average  d i s t a n c e  between t h e  
p lane  pa s s ing  through ABCDEF and t h e  i r r e g u l a r  s u r f a c e  pa s s ing  through t h e  
po in t s  of t h e  arrows which might be  p ro j ec t ed  from a l l  p o i n t s  i n  t he  c r o s s  sec-  
t i o n .  The volume based on t h e  v e l o c i t y  arrows f o r  a l l  p o i n t s  i n  t h e  c r o s s  sec-  
t i o n ,  a s  de sc r ibed  by t h e  fou r  l i n e s  j o in ing  A and D, r e p r e s e n t s  t he  d i s cha rge  
of t he  s t ream, The volume of t he  f i g u r e  t h a t  i s  bounded by t h e  four  l i n e s  can 
be d iv ided  by t h e  a r ea  of c r o s s  s e c t i o n  ABCDEF t o  determine t h e  mean v e l o c i t y .  

It  i s  imprac t i ca l  t o  measure t h e  v e l o c i t y  a t  every po in t  i n  a  c r o s s  sec-  
t i o n .  Measurements a r e  made a t  a number of s y s t e m a t i c a l l y  l oca t ed  p o i n t s  and 
t he  v e l o c i t y  i s  assumed t o  va ry  between measured p o i n t s  accord ing  t o  some 
reasonable  r u l e ,  Usual ly a  number of v e r t i c a l s  i n  t h e  c r o s s  s e c t i o n  a r e  se -  
l e c t e d  and t h e  v e l o c i t y  i s  measured a t  one o r  more p o i n t s  i n  each v e r t i c a l  by 
methods cus tomar i ly  used f o r  stream gaging [ 161. Extens ive  i n v e s t i g a t i o n s  
have shown t h a t  t h e  mean v e l o c i t y  i n  a  stream v e r t i c a l  can u s u a l l y  be d e t e r -  
mined w i th  an  ample degree of accuracy from measurements a t  one, o r  only a  few, 
proper ly  s e l e c t e d  po in t s  i n  t he  v e r t i c a l .  The v e l o c i t y  and depth a t  a  v e r t i c a l  
may be assumed t o  apply f o r  h a l f  t h e  d i s t a n c e  t o  t h e  next  v e r t i c a l ,  I f  v e r t i -  
c a l s  a r e  equa l l y  spaced, t h e  d i scharge  f o r  a  given v e r t i c a l  i s  m u l t i p l i e d  by 
t he  width between v e r t i c a l s  t o  ob t a in  t h e  d i s cha rge  t h a t  t he  v e r t i c a l  r e p r e s e n t s .  
I n  another  method t h a t  g ives  approximately t h e  same r e s u l t s ,  t he  d i scharge  f o r  
t he  s e c t i o n  between t h e  v e r t i c a l s  BF and CE i s  ob ta ined  by mu l t i p ly ing  t h e  a r ea  
BCEF by t h e  average  of t he  mean v e l o c i t i e s  a t  v e r t i c a l s  BF and CE (Fig.  12a ) .  
The t o t a l  of a l l  t h e  p a r t i a l  d i scharges  i n  t h e  c r o s s  s e c t i o n  equals  t he  t o t a l  
s t ream d i scha rge .  

13.  --The 
suspended-sediment concen t r a t i on  i n  a  s t ream u s u a l l y  v a r i e s  from the  s u r f a c e  t o  
t he  bottom, and i n  some in s t ances  from s i d e  t o  s i d e .  The sediment d i s t r i b u t i o n  
may be i l l u s t r a t e d  by F ig .  12b where t h e  l eng ths  of t h e  arrows r ep re sen t  sediment 
concent ra t ions  a t  t he  same p o i n t s  a t  which v e l o c i t i e s  were shown i n  F i g .  12a.  
F i g .  12d r e p r e s e n t s  t h e  v e l o c i t y  d i s t r i b u t i o n  a t  v e r t i c a l  CE, and F i g .  12e t h e  
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F I G .  12--VELOCITY, SEDIMENT CONCENTRATION, AND 
SEDIMENT D I S C M R G E  I N  STXEAMS 

Adapted from F i g .  4 of r e f e rence  41 
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d i s t r i b u t i o n  of sediment concen t r a t i on  i n  t h a t  v e r t i c a l .  The mean sediment con- 
c e n t r a t i o n  i n  v e r t i c a l  12e i s  t h e  s p a t i a l  concen t r a t i on  f o r  t h e  sampling v e r t i -  
c a l .  The sediment d i scharges  f o r  t h e  v e r t i c a l  CE a r e  shown i n  F ig .  12 f .  They 
were ob ta ined  by mu l t i p ly ing  t h e  v e l o c i t i e s  i n  F i g .  12d by t h e  corresponding 
concen t r a t i ons  i n  F ig .  12e.  Veloc i ty  can be expressed q u a n t i t a t i v e l y  a s  volume 
per  u n i t  t ime and u n i t  c r o s s - s e c t i o n a l  a r e a ;  concen t r a t i on  can be expressed a s  
weight  of sediment per  u n i t  volume; t h e r e f o r e ,  t h e  product of t h e  two equa ls  
weight of sediment discharged per  u n i t  of t ime,  per  u n i t  of a r e a .  The mean 
d ischarge  i n  v e r t i c a l  12f d iv ided  by t h e  mean v e l o c i t y  from 12d equa ls  t h e  
discharge-weighted concent ra t ion  f o r  t h e  sampling v e r t i c a l .  

The sedi-ment d i scharge ,  o r  t h e  weight of suspended sediment pa s s ing  t he  
c r o s s  s e c t i o n  per  u n i t  t ime,  i s  r ep re sen t ed  by t he  enclosed volume of F ig .  12c 
i n  t h e  same way t h a t  t he  stream d ischarge  i s  r ep re sen t ed  i n  F i g ,  l 2 a ,  Sediment 
d i scharge  i s  gene ra l l y  ob ta ined  by mu l t i p ly ing  t h e  discharge-weighted concentra-  
t i o n  i n  each v e r t i c a l  by the stream d ischarge  t h a t  t h e  v e r t i c a l  r e p r e s e n t s  and 
adding t h e  products .  

The b a s i c  concept of t he  computation of sediment d i s cha rge  i s  o f t e n  modi- 
f i e d  t o  f i t  t h e  needs of a  s p e c i f i c  sampling program. Computations based on 
po in t - i n t eg ra t ed  samples (See Sec t ion  18)  a r e  a  mod i f i ca t i on  of t he  b a s i c  
method of determining suspended-sediment d i s cha rge .  Depth- in tegra ted  samples 
r e q u i r e  a  d i f f e r e n t  t r e a tmen t ,  I f  sediment i s  f i n e  and most of t he  t o t a l  depth 
i s  sampled, t he  concen t r a t i on  i n  t h e  dep th - in t eg ra t ed  sample may be taken  a s  
equal t o  t h a t  f o r  t h e  e n t i r e  v e r t i c a l .  However, i f  coa r se  m a t e r i a l  i s  encoun- 
t e r e d  i n  suspension near  t h e  streambed, c o r r e c t i o n s  should be made f o r  t h e  
d i f f e r e n c e  between t h e  concen t r a t i on  i n  t h e  sampled zone and t h a t  i n  t he  t o t a l  
dep th  a t  a  v e r t i c a l .  The c o r r e c t i o n s  can be made w i th  t h e  modified E i n s t e i n  
method (Sec t ion  38) ;  from occas iona l  s e r i e s  of po in t  samples; o r  from a n a l y t i c a l  
computations based on sediment s i z e  and v e l o c i t y  o r  o t h e r  flow c h a r a c t e r i s t i c s .  

14.  -For p r a c t i c a l  reasons  s e d i -  
ment concen t r a t i on  should no t  be measured a t  a  l a r g e  number of sampling v e r t i -  
c a l s .  Consequently, some system f o r  s e l e c t i n g  a  l im i t ed  number of sampling 
v e r t i c a l s  must be used .  

The common methods t h a t  have been used t o  l o c a t e  t he  t r a n s v e r s e  p o s i t i o n  of 
sampling v e r t i c a l s  i n  sediment measurements a r e  a s  fo l lows:  

a .  S ing l e  v e r t i c a l  a t  midstream. - 
b .  S ing l e  v e r t i c a l  a t  thalweg o r  po in t  of g r e a t e s t  dep th .  - 
c .  V e r t i c a l s  a t  114, 112, and 314 wid th .  - 
d .  V e r t i c a l s  a t  116, 112, and 516 wid th .  - 
e .  Four or more v e r t i c a l s  a t  mid-points of equal-width - 

s e c t i o n s  ac ros s  t he  s t reams.  
f .  V e r t i c a l s  a t  c en t ro id s  of s e c t i o n s  of equal  water  d i s cha rge .  - 
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The number and l o c a t i o n s  of v e r t i c a l s  t o  be sampled should be governed by 

t h e  degree  of accuracy sought i n  t h e  i n v e s t i g a t i o n ,  t h e  s i z e  and shape of c r o s s  
s e c t i o n ,  t h e  p a r t i c l e  s i z e  of t h e  sediment,  t h e  r a t i o  of t h e  sediment d i scharge  
be ing  c a r r i e d  a t  t h e  time of sampling t o  t he  t o t a l  sediment d i scharge  dur ing  t h e  
pe r iod  under cons ide ra t i on ,  and o t h e r  character is ti.^^ of t h e  stream (Sec t ion  
5 The p a r t i c l e  s i z e  and t h e  accuracy sought a r e  probably of g r e a t e s t  impor- 
t ance .  Although the  f i e l d  technique  used i n  any sediment i n v e s t i g a t i o n  w i l l  
n a t u r a l l y  be dependent upon t h e  r e l a t i v e  importance of t h e s e  f a c t o r s ,  t h e  b a s i c  
c r i t e r i o n  f o r  a  r a t i o n a l  sampling technique i s  t h a t  t h e  sampling v e r t i c a l s  should 
be l oca t ed ,  o r  t h e i r  mean discharge-weighted concen t r a t i ons  should be weighted,  
w i th  r e s p e c t  t o  t he  t r a n s v e r s e  d i s t r i b u t i o n  of stream d i scha rge .  That i s ,  e i t h e r  
t h e  sampling v e r t i c a l s  should r e p r e s e n t  equal p a r t s  of t h e  t o t a l  water  d i scharge ,  
o r  t h e  va lue  of t he  mean discharge-weighted concen t r a t i on  f o r  each v e r t i c a l  
should be weighted i n  p ropo r t i on  t o  t h e  f r a c t i o n  of t h e  s t ream d i scha rge  t h a t  i t  
r e p r e s e n t s .  

15 .  - - I f  much sediment: sampling i s  t o  be 
done a t  a  given s i t e ,  t h e  d i s t r i b u t i o n  of bo th  water  and sediment should be es-  
t a b l i s h e d  a t  s e v e r a l  s t ream s t a g e s .  Then t h e  number and l o c a t i o n  of sampling 
v e r t i c a l s  t h a t  w i l l  g ive  t h e  r equ i r ed  accuracy  w i th  a  minimum of work should be 
determined a s  a  b a s i s  f o r  economic sampling. 

The methods of s e l e c t i n g  sampling v e r t i c a l s  can be d iv ided  i n t o  t h r e e  gen- 
e r a l  groups. 

V e r t i c a l s  spaced a r b i t r a r i l y  i n  t h e  c r o s s  sect ion--Obviously,  t h e  s imp le s t  
p r a c t i c e  i s  t he  s e l e c t i o n  of a s i n g l e  sampling v e r t i c a l  a t  midstream o r  a t  t h e  
po in t  of g r e a t e s t  dep th .  The v e r t i c a l  a t  t h e  po in t  of g r e a t e s t  depth i s  b e t t e r  
because t h e  g r e a t e s t  percentage  of water  d i scharge  g e n e r a l l y  occurs  i n  t he  deep- 
e s t  p a r t  of t h e  s t ream. However, a  s i n g l e  v e r t i c a l  should be used only  i n  a  
ve ry  small  stream o r  i n  c e r t a i n  types of r o u t i n e  sampling, 

A method t h a t  uses  sampling v e r t i c a l s  a t  t h e  114-, %/2- ,  and 314-points i n  
t h e  wid th  of a  s t ream c r o s s  s e c t i o n  i s  con-venient and p r a c t i c a l .  It may be  used 
when d i s t r i b u t i o n  of s t ream d i scha rge  i s  n o t  known, This method provides more 
in format ion  concerning t h e  d i s t r i b u t i o n  of sediment and a  more a c c u r a t e  sediment 
d i s cha rge  than  t he  s i n g l e - v e r t i c a l  method. 

A few i n v e s t i g a t o r s  have l oca t ed  t h e  sampling v e r t i c a l s  a t  1 / 6 ,  112, and 
516 of t h e  s t ream wid th .  I n  wide s t reams of uniform depth and uniform v e l o c i t y  
d i s t r i b u t i o n  t he se  v e r t i c a l s  e s s e n t i a l l y  b i s e c t  t h r e e  s e c t i o n s  of equal  water  
d i s cha rge ,  However, such cond i t i ons  of s t ream flow a r e  unusual ;  i n  most s t reams 
t h e  mid-point f o r  t h e  o u t e r  t h i r d s  of t h e  water  d i scharge  would be approximately 
a t  t h e  qua r t e r -po in t s  o r  even c l o s e r  t o g e t h e r .  

--In important  in-  
v e s t i g a t i o n s  i t  has been common p r a c t i c e  t o  s e l e c t  a  r e l a t i v e l y  l a r g e  number of 
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sampling v e r t i c a l s  a t  t h e  mid-point of equal f r a c t i o n s  of t h e  stream wid th .  
This  method g ives  a  good i n d i c a t i o n  of t he  d i s t r i b u t i o n  of sediment ac ros s  t h e  
s t ream, but  i t  i s  exac t  only when the  discharge-weighted concen t r a t i on  f o r  each 
v e r t i c a l  i s  weighted w i th  r e spec t  t o  t he  stream d i scha rge  i n  t h e  s e c t i o n  r ep re -  
s en t ed  by t he  v e r t i c a l .  

The d ischarge  i n t e g r a t i o n  method, commonly c a l l e d  t h e  e q u a l - t r a n s i t - r a t e  
(ED?) sampling procedure,  f i r s t  used by B .  C .  Colby i n  1946, e l im ina t e s  t he  
need f o r  a  knowledge of t h e  d i s t r i b u t i o n  of s t ream d i scha rge  i n  t he  stream c r o s s  
s e c t i o n  because i t  provides samples weighted f o r  d i scharge  d i s t r i b u t i o n .  The 
s t ream c ros s  s e c t i o n  i s  d iv ided  i n t o  10 t o  25 increments of equal  wid th ,  and a  
sampling v e r t i c a l  i s  l oca t ed  a t  t he  middle of each increment .  The number of in-  
crements depends on channel wid th  and uni formi ty  of sediment o r  v e l o c i t y  d i s -  
t r i b u t i o n  ac ros s  t h e  s t ream. I f  a  dep th - in t eg ra t i ng  sampler ,  which samples a t  
s t ream v e l o c i t y ,  t r a v e r s e s  t he  depth ( t h i s  explana t ion  ignores  t h e  unsampled 
zone) a t  each v e r t i c a l  a t  a  uniform r a t e  from the  s u r f a c e  t o  t h e  bed and back t o  
t h e  su r f ace ,  and a t  t h e  same r a t e  i n  each v e r t i c a l  i n  t h e  c r o s s  s e c t i o n  regard-  
l e s s  of stream depth and v e l o c i t y ,  t he  sample volume taken from each v e r t i c a l  i s  
p ropo r t i ona l  t o  t h e  average stream d ischarge  per  u n i t  wid th  a t  t h a t  v e r t i c a l .  
The sample volumes taken  from each v e r t i c a l  w i l l  not  be equal  because,  a l though 
t h e  sampler t r a v e r s e s  each v e r t i c a l  a t  t h e  same r a t e ,  t h e  depths  and flow ve- 
l o c i t i e s  may be d i f f e r e n t .  A l l  t h e  samples from the  c r o s s  s e c t i o n  may be  mixed 
t oge the r  t o  make a  composite sample t h a t  r e p r e s e n t s  t he  concen t r a t i on  i n  t he  
c r o s s  s e c t i o n .  The concen t r a t i on  m u l t i p l i e d  by t h e  s t ream d i scha rge  g ives  s ed i -  
ment d i scharge .  Composite samples minimize l abo ra to ry  work and y i e l d  more 
m a t e r i a l  f o r  a n a l y s i s  when t h e  sediment concen t r a t i on  i n  t h e  s t ream i s  low. 
The ETR method i s  a  good method f o r  u se  on most s t reams t h a t  can be waded bu t  
i t  i s  o f t e n  unneces sa r i l y  labor ious  f o r  l a r g e  s t reams.  

V e r t i c a l s  a t  c e n t r o i d s  of equal  d i scharge  i n  t h e  c r o s s  s ec t i on - -Se l ec t i on  
of sampling v e r t i c a l s  so  t h a t  they r ep re sen t  equal p o r t i o n s  of stream d ischarge  
i s  another  r a t i o n a l  p r a c t i c e .  However, t h i s  method i s  u s u a l l y  only approxi-  
mated i n  t he  f i e l d ,  The s e c t i o n s  of equal  water  d i s cha rge  a r e  determined by 
v i s u a l  i n spec t i on ,  s u b s t a n t i a t e d ,  i n  some in s t ances ,  by prev ious  stream 
gagings,  and t h e  v e r t i c a l s  a r e  l oca t ed  a t  t h e  cen t ro id s  of t h e s e  s e c t i o n s .  The 
accuracy  of t h i s  method depends t o  a  l a r g e  ex t en t  upon t h e  judgment and c a r e  
used by t he  observer  i n  d iv id ing  t h e  stream c r o s s  s e c t i o n .  

A r e l a t i v e l y  s imple  g r aph i ca l  method devised by E .  W. Lane f o r  l o c a t i n g  
sampling v e r t i c a l s  which r ep re sen t  equal  p ropor t ions  of t h e  t o t a l  s t ream d i s -  
charge i s  i l l u s t r a t e d  by F i g .  13 [41 ] .  The d ischarge  d i s t r i b u t i o n  i n  a  c r o s s  
s e c t i o n  f o r  d i f f e r e n t  s t a g e s  a t  a  s t a t i o n  on t h e  Iowa River  was computed a s  a  
cumulat ive percentage  of t h e  t o t a l  s t ream d ischarge  (F ig .  13a ) .  

I n  F ig .  13b t h e  percentages  of d i scharge  a r e  p l o t t e d  a s  o r d i n a t e s  and t he  
d i s t a n c e  t o  v e r t i c a l s  of observa t ion  a s  a b s c i s s a s  f o r  v a r i o u s  s t a g e s  of t h e  
r i v e r .  The l o c a t i o n  of v e r t i c a l s  t o  be  sampled can be determined from t h e  



a .  Ind iv idua l  measurements of d ischarge  

DISTANCE - FT  

b. Discharge v a r i a t i o n  wi th  gage he ight  - 

FIG. 13--DISTRIBUTION OF WATER DISCHARGE IN CROSS 
SECTION OF IOWA RIVER AT IOWA CITY, IOWA 

Adapted from Fig. 9 of r e f e rence  41 
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informat ion  given i n  Table 1 and F i g .  13b. For example, i f  t he  observer  s e l e c t s  
s i x  sampling v e r t i c a l s ,  Table 1 shows t h a t  they  should be l oca t ed  where t h e  
cumulat ive stream d i scha rges  a r e  8 ,  25, 42, 58, 75, and 92 pe rcen t  of t h e  t o t a l .  
F i g .  13b shows t h a t  f o r  a  gage he igh t  of 4.0 f %  s i x  sampling v e r t i c a l s  should be 
l o c a t e d  92, 114, 134, 157, 180, and 215 f t  from the  r e f e r e n c e  s t a t i o n .  This 
method can be app l i ed  t o  gaging s t a t i o n s  where sediment and s tream d i scha rge  
measurements a r e  made r e g u l a r l y .  I f  t h e  r i v e r  c r o s s  s e c t i o n  changes cons ide r -  
a b l y ,  i t  may be necessary  t o  r e v i s e  t h e  curves ,  but  minor channel changes w i l l  
have l i t t l e  e f f e c t  on t h e  accuracy  of t h i s  procedure.  

I f  t h e  sampling v e r t i c a l s  r e p r e s e n t  equal  stream d i scha rges ,  i f  t h e  samples 
a r e  taken by t h e  d e p t h - i n t e g r a t i o n  method, and i f  a l l  samples have t h e  same 
volume; then a l l  t h e  samples i n  t h e  c r o s s  s e c t i o n  may be combined f o r  a n a l y s i s .  
The composite sample w i l l  b e  r e p r e s e n t a t i v e  no t  only of t h e  average sediment 
concen t r a t i on  but  a l s o  of t h e  c h a r a c t e r i s t i c  s i z e  d i s t r i b u t i o n  of t h e  sediment 
d i s cha rge ,  

TABLE 1  

CUMULATIVE PERCENTAGE OF STRMMFLOW AT EACH VERTICAL 
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16.  Sampling a  v e r t i c a l  by depth i n t eg ra t i on - -The re  a r e  two b a s i c  methods 
of sampling t o  o b t a i n  t he  concen t r a t i on  i n  a  s t ream v e r t i c a l .  The depth- 
i n t e g r a t i o n  method i s  used f o r  most r o u t i n e  measurements of sediment d i s cha rge .  
The p o i n t - i n t e g r a t i o n  method i s  used i n  some l a r g e  s t reams and t o  d e f i n e  v e r t i -  
c a l  d i s t r i b u t i o n  of sediment.  

Depth- in tegra ted  samples a r e  taken w i t h  a  sampler (Sec t ions  22 and 23) t h a t  
has an  i n t a k e  t h a t  p o i n t s  d i r e c t l y  i n t o  t h e  c u r r e n t .  The sample i s  c o l l e c t e d  a t  
a  r a t e  about  p ropo r t i ona l  t o  t h e  stream v e l o c i t y  a t  t h e  i n t ake .  The sampler 
t r a v e r s e s  t h e  depth of t h e  stream a t  a  uniform speed;* t h e  sampling t ime i n  any 
f r a c t i o n  of t h e  v e r t i c a l  i s  about  p ropo r t i ona l  t o  t h e  depth of t h e  f r a c t i o n ;  and 
t h e  volume of t h e  p a r t i a l  sample from any f r a c t i o n  i s  about  p ropo r t i ona l  t o  t h e  
depth and v e l o c i t y  (d i scharge  pe r  u n i t  wid th)  of t h e  f r a c t i o n .  

Streams l e s s  than 15 f e e t  deep a r e  u s u a l l y  dep th - in t eg ra t ed  on a  round - t r i p  
b a s i s .  The sampler i s  lowered t o  t h e  bottom of t h e  s t ream a t  a  uniform r a t e  and 
r a i s e d  back t o  t h e  s u r f a c e  a t  a  uniform r a t e ,  bu t  no t  n e c e s s a r i l y  t h e  same r a t e .  
The sampler i s  stopped only momentarily a t  t h e  bottom t o  r e v e r s e  d i r e c t i o n ,  and 
sampling i s  cont inuous dur ing  both  per iods  of t r a n s i t .  Streams from 15 t o  30 
f e e t  deep a r e  u s u a l l y  i n t e g r a t e d  i n  one d i r e c t i o n  only ,  e i t h e r  from t h e  s u r f a c e  
t o  t h e  streambed o r  from t h e  bed t o  t h e  s u r f a c e .  Deeper s t reams a r e  i n t e g r a t e d  
i n  more than  one sampling t r i p .  I f  t h e  sampling t r i p s  a r e  a t  t he  same t r a n s i t  
r a t e  t h e  samples can be combined i n t o  a  composite sample. 

There a r e  l i m i t s  on t h e  t r a n s i t  r a t e s  f o r  dep th - in t eg ra t i on .  However, i f  
a  118-in.  i n t a k e  nozz le  i s  used w i th  a  uniform t r a n s i t  r a t e  such t h a t  a  sample 
of 350 t o  400 m l  i s  ob ta ined  by one-way i n t e g r a t i o n  i n  depths l e s s  than 30 f e e t ,  
o r  by two-way i n t e g r a t i o n  i n  depths l e s s  than  1 5  f e e t ,  a l l  o the r  requirements  
a r e  au toma t i ca l l y  s a t i s f i e d .  

The maximum and minimum t r a n s i t  r a t e s  f o r  r ound - t r i p  dep th - in t eg ra t i on  w i th  
118-, 3116-, and 114-in.  nozz les  a r e  s h a m  i n  F i g .  14.  The pe rmi s s ib l e  t r a n s i t  
r a t e s  a r e  given a s  a  r a t i o  R T / v ~  i n  which RT i s  t h e  t r a n s i t  r a t e  and vm i s  t h e  
mean v e l o c i t y  i n  t h e  sampling v e r t i c a l .  The s o l i d  l i n e s  of F i g .  14 i n d i c a t e  
t h e  maximum a l l owab le  lowering r a t e s  based on a  one-pint  sample con t a ine r  (a 
sample of 350 t o  400 ml) and t h e  l i m i t a t i o n s  imposed on t h e  t r a n s i t  r a t e s  by 
t h e  r a t e  of compression of t h e  a i r  i n  t h e  sample con t a ine r .  The maximum lower- 
i ng  r a t e s  a r e  t he  same f o r  round- t r ip  and f o r  one-way depth  i n t e g r a t i o n .  The 
maximum r a i s i n g  o r  lowering r a t e s  should no t  exceed 4/10 of t h e  mean v e l o c i t y  
t o  avoid excess ive  ang l e s  between t he  nozz le  and t h e  approaching f low.  

The minimum a l lowable  t r a n s i t  r a t e s  a r e  t hose  t h a t  w i l l  avo id  an  excessive-  
l y  l a r g e  sample. For one-way i n t e g r a t i o n  t h e  minimum a l lowable  t r a n s i t  r a t e  f o r  
a  given depth i s  one h a l f  of t h a t  f o r  r ound - t r i p  i n t e g r a t i o n .  That i s ,  t h e  
minimum t r a n s i t  r a t e  f o r  one-way i n t e g r a t i o n  a t  20 f e e t  depth i s  t h e  same a s  
t h a t  f o r  r ound - t r i p  i n t e g r a t i o n  over  a  depth  of 10 f e e t .  The maximum sampling 

See a l s o  Appendix Sec t i on  50. 
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depths a r e  those  a t  which t he  maximum and minimum t r a n s i t  r a t e s  a r e  t h e  same. 
For round t r i p  i n t e g r a t i o n  t h e  maximum sampling depths  a r e  15,  14,  and 8 f e e t  
f o r  118-, 3116-, and 114-in.  nozz les  r e s p e c t i v e l y ,  and twice those  depths f o r  
one-way i n t e g r a t i o n .  Sampling depths can be increased  s l i g h t l y  i f  sample vo l -  
umes a r e  kept  between 400 t o  420 m l .  

The advantage of dep th - in t eg ra t i on  sampling i s  t h a t  a  s i n g l e  sample pro-  
v i d e s  a  discharge-weighted concen t r a t i on  f o r  a  complete sampling v e r t i c a l - - o r  
i n  a  very  deep s tream, f o r  a  major f r a c t i o n  of a  sampling v e r t i c a l .  The d i s -  
advantage of depth- in tegra  t i o n  sampling i s  t h e  unsampled zone which may r e q u i r e  
s p e c i a l  computations of unmeasured suspended sediment (See d i s cus s ion  of modif ied 
E i n s t e i n  method, Sec t i on  38). 

17. Sampling a  v e r t i c a l  by po in t  in tegra t ion- -A p o i n t - i n t e g r a t e d  sample i s  
accumulated cont inuous ly  i n  a  sampler (Sec t ion  23 )  t h a t  i s  he ld  a t  a  r e l a t i v e l y  
f i x e d  po in t  i n  a  s t ream c r o s s  s e c t i o n .  The sample e n t e r s  a nozz le  t h a t  p o i n t s  
d i r e c t l y  i n t o  t h e  approaching flow and e n t e r s  a t  a  v e l o c i t y  about  equal t o  t h e  
ins tan taneous  s t ream v e l o c i t y  a t  t h e  po in t .  A p o i n t - i n t e g r a t i n g  sampler must be 
equipped w i t h  a  v a l v e  t h a t  can be  opera ted ,  u s u a l l y  e l e c t r i c a l l y ,  by t h e  observ- 
e r  a f t e r  t he  sampler has been lowered t o  t h e  sampling p o i n t .  A sample i s  taken 
by lowering t h e  sampler t o  t he  sampling p o i n t ,  opening t h e  va lve  f o r  t he  d e s i r e d  
sampling t ime,  t hen  c l o s i n g  t he  va lve  a t  t he  end of t h e  sampling per iod .  

Sampling procedures  t o  determine sediment d i scharge  w i l l  be emphasized i n  
t h e  fo l lowing  s e c t i o n s .  Occas iona l ly ,  p o i n t - i n t e g r a t e d  samples a r e  taken a t  
s p e c i f i c  p o i n t s  i n  a  s t ream c ros s  s e c t i o n  t o  determine sediment d i s t r i b u t i o n  

only ,  b u t  t he  sampling procedures  a r e  b a s i c a l l y  t h e  same a s  f o r  measurement of 
sediment d i scharge .  

18. S e l e c t i o n  of sampling p o i n t s  i n  a  ve r t i c a l - -The  wide range t h a t  occurs  
i n  t h e  v e r t i c a l  d i s t r i b u t i o n  of sediment concen t r a t i on  (Fig.  10)  emphasizes t h e  
d i f f i c u l t y  of s e l e c t i n g  sampling po in t s  which a c c u r a t e l y  d e f i n e  t he  sediment 
concen t r a t i on  i n  t h e  v e r t i c a l ,  wi thout  sampling s o  many p o i n t s  t h a t  t h e  whole 
procedure becomes imprac t i ca l .  I n  t h e  p a s t ,  methods used f o r  s e l e c t i n g  sampling 
p o i n t s  have v a r i e d  g r e a t l y .  Sometimes t he  method was based on a  thorough con- 
s i d e r a t i o n  of t h e  p r i n c i p l e s  involved,  whereas i n  o the r  i n s t ances  t he  sampling 
p o i n t s  were s e l e c t e d  i n  a  more o r  l e s s  a r b i t r a r y  manner, mainly t o  s imp l i fy  t he  
sampling procedure.  Empir ical  methods were sometimes used i n  choosing sampling 
p o i n t s ,  and c o e f f i c i e n t s  based on r e s u l t s  of more exac t  sampling procedures were 
app l i ed  t o  t h e  d a t a .  Semira t iona l  methods, based on an a n a l y s i s  of t he  p r in -  
c i p l e s  involved i n  sampling f l u v i a l  sediment combined w i t h  s imp l i fy ing  assurnp- 
t i o n s ,  have a l s o  been used.  

The fo l lowing  a r e  some of t h e  more common methods of p o i n t - i n t e g r a t i o n  
sampling which have been used t o  d e f i n e  t he  sediment concen t r a t i on  i n  a  sampling 
v e r t i c a l :  
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A s i n g l e  sample t aken  a t  t h e  s u r f a c e .  
A s i n g l e  sample t aken  a t  0 .6  d e p t h .  
Two samples ,  one t aken  n e a r  t h e  s u r f a c e ,  and t h e  o t h e r  n e a r  t h e  
bot tom,  weighted e q u a l l y .  
Three samples ,  t a k e n  n e a r  t h e  s u r f a c e ,  a t  mid-depth,  and n e a r  t h e  
bot tom,  weighted e q u a l l y .  
Three samples ,  t aken  n e a r  t h e  s u r f a c e ,  a t  mid-depth,  and. n e a r  t h e  
bot tom,  w i t h  t h e  mid-depth sample giver? twice  t h e  we igh t  of  t h e  

o t h e r s ,  
Samples t a k e n  a t  s e v e r a l  p o i n t s  t o  e s t a b l i s h  t h e  v e r t i c a l  d i s t r i -  
b u t i o n  w i t h  t h e  r e q u i r e d  d e g r e e  of a c c u r a c y .  
Samples t aken  a t  d e f i n i t e  l o c a t i o n s  w i t h  c o r r e c t i o n s  based on 
p r e v i o u s  o b s e r v a t i o n s .  

The accuracy  of po in t - sampl ing  methods can be  expec ted  t o  i n c r e a s e  w i t h  t h e  
number of samples .  The s:impl.est method, sampling n e a r  t h e  w a t e r  s u r f a c e ,  i s  
w e l l  s u i t e d  t o  u n s k i l l e d  o b s e r v e r s  and t o  c o n d i t i o n s  where e x c e s s i v e  d e b r i s  and 
i c e  flows a r e  encounte red ,  b u t ,  because c o e f f i c i e n t s  a p p l i c a b l e  t o  s u r f a c e  sam- 
p l e s  a r e  u n r e l i a b l e ,  t h i s  method i s  t h e  ] .eas t  a c c u r a t e ,  S u r f a c e  samples a r e  es -  
p e c i a l l y  u n d e s i r a b l e  f o r  s i z e  a n a l y s i s  because  t h e  l a r g e r  p a r t i c l e s  a r e  u s u a l l y  
n o t  found a t  t h e  s u r f a c e  of t h e  s t ream.  

Sampling a t  0 . 6  d e p t h  has  been used i n  some s t reams  i n  Texas ,  I n d i a ,  and 
Turkes tan .  Th i s  method may be s a t i s f a c t o r y  f o r  some s t reams  i n  which sed iments  

a r e  i n  t h e  s i l t  and c l a y  s i z e  r a n g e ,  b u t  f o r  o t h e r  s t r eams  t h i s  method would be 
i n a c c u r a t e .  Th i s  method would a l s o  be  u n r e l i a b l e  f o r  s i z e  a n a l y s e s .  Sampling 
a t  two p o i n t s  i n  a  v e r t i c a l ,  n e a r  t h e  s u r f a c e  and bottom, i s  of d o u b t f u l  accu-  

r a c y  a l t h o u g h  i t  i s  b e t t e r  than  sampling o n l y  a t  t h e  s u r f a c e .  I f  t h e  s u r f a c e  
and t h e  bottom samples have t h e  same volume, a  s i n g l e  a n a l y s i s  c a n  be  made of  
t h e  combined samples ,  

Of t h e  t h r e e - p o i n t  methods,  t h e  second i s  p r e f e r a b l e .  The mean of t h e  
upper h a l f  of t h e  c o n c e n t r a t i o n  w i l l  be approximated by t h e  a v e r a g e  of t h e  s u r -  
f a c e  and ~ n i d - d e p t h  v a l u e s ,  and t h e  mean of  t h e  lower h a l f  by t h e  a v e r a g e  of  t h e  
mid-depth and bot tom.  Thus, i n  de te rmin ing  t h e  mean f o r  t h e  whole s t ream,  t h e  

mid-depth c o n c e n t r a t i o n  i s  g iven  a  double  we igh t  r e l a t i v e  t o  t h e  bottom and s u r -  
f a c e .  A composi te  sample made up of two samples from mid-depth and one each 
from t h e  s u r f a c e  and bot tom,  a l l  of equa l  volume, approx imate ly  r e p r e s e n t s  b o t h  

c o n c e n t r a t i o n  and s i z e  d i s t r i b u t i o n .  A c t u a l l y  samples canno t  b e  t a k e n  on t h e  

bottom. The bottom sample should b e  t aken  a t  abou t  0 .9  d e p t h .  The methods i n -  
v o l v i n g  t h r e e  samples a r e  more a c c u r a t e  t h a n  t h e  s u r f a c e  and t h e  bottom method, 
and t h e y  a r e  s u f f i c i e n t l y  s imple  t o  be  handled by u n s k i l l e d  o b s e r v e r s .  

The S t r a u b  method of p o i n t  sampling,  [ 7 0 ]  which was developed i n  c o n n e c t i o n  
w i t h  sediment  i n v e s t i g a t i o n s  i n  t h e  Missour i  Kiver  system,  i s  based  on t h e  
assumptions  t h a t  t h e  v e r t i c a l  d i s t r i b u t i o n  of v e l o c i t y  f o l l o w s  a n  e x p o n e n t i a l  

law, and t h a t  t h e  sediment  c o n c e n t r a t i o n  i n c r e a s e s  l i n e a r l y  from t h e  s u r f a c e  t o  



t h e  bottom. These assumptions  c l o s e l y  approximated t h e  observed c o n d i t i o n s  i n  
t h e  Missour i  R i v e r ,  and i t  i s  p r o b a b l e  t h a t  most s t r eams  of moderate  s l o p e  do 
n o t  d e p a r t  wide ly  from them. The f o l l o w i n g  r e l a t i o n s h i p  was d e r i v e d  f o r  s e d i -  
ment c o n c e n t r a t i o n  i n  sampling v e r t i c a l s  i n  t h e  Missour i  R i v e r ,  

where  Cm, t h e  d i scharge-weigh ted  c o n c e n t r a t i o n  i n  a  v e r t i c a l ,  was computed by 
a d d i n g  3 /8  of t h e  c o n c e n t r a t i o n ,  C 0 . 8 d ,  from a  sample t aken  a t  0 . 8  d e p t h  below 
t h e  w a t e r  s u r f a c e ;  t o  518 of t h e  c o n c e n t r a t i o n  C0.2d de te rmined  from a  sample 
a t  0 . 2  d e p t h .  Th i s  method i s  s i m p l e ,  i t  r e q u i r e s  o n i y  two samples ,  and ,  a s  
shown i n  Tab le  2 ,  i t  g i v e s  a c c u r a t e  r e s u l t s  over  a  c o n s i d e r a b l e  range  of con- 
d i t i o n s .  T h i s  sampling method may n o t  be s a t i s f a c t o r y ,  however, i f  sediment  
s i z e  d i s t r i b u t i o n  i s  r e q u i r e d .  

The p r e c e d i n g  methods a r e  e m p i r i c a l  and do n o t  r e q u i r e  a  knowledge of t h e  

d i s t r i b u t i o n  of v e l o c i t y  i n  t h e  v e r t i c a l .  The f o l l o w i n g  methods r e q u i r e  know- 
l e d g e  of t h e  v e l o c i t y  d i s t r i b u t i o n  bu t  they  a r e  more r a t i o n a l  and o f t e n  more 
a c c u r a t e  . 

The Luby method was o r i g i n a t e d  i n  sediment  s t u d i e s  of  t h e  Upper M i s s i s s i p p i  
R i v e r  and t r i b u t a r i e s .  B a s i c a l l y ,  t h i s  method c o n s i s t s  of  o b t a i n i n g  samples 
from a r e a s  of equa l  s t r eam d i s c h a r g e  i n  t h e  v e r t i c a l .  The a r e a  under  t h e  c u r v e  
of v e l o c i t y  d i s t r i b u t i o n  i n  t h e  sampl ing  v e r t i c a l  i s  d i v i d e d  i n t o  equa l  p a r t s  
and t h e  sampling p o i n t s  a r e  l o c a t e d  a t  t h e  c e n t r o i d s  of t h e s e  a r e a s .  I f  t h e  
samples a r e  equa l  i n  volume t h e y  can  b e  combined and t h e  composi te  used  t o  de- 
t e r m i n e  b o t h  t h e  d i scharge-weigh ted  sediment  c o n c e n t r a t i o n  and p a r t i c l e  s i z e  
compos i t ion  i n  t h e  v e r t i c a l .  A d e t a i l e d  d e s c r i p t i o n  of  t h i s  method i s  g i v e n  
on pages  68-72 i n  Report  No. 1 [ 3 6 ] .  However, F i g .  4b and t h e  accompanying 
d i s c u s s i o n  i n  Report  No. 1 a r e  e r roneous  i n  t h a t  they  e v a l u a t e  t h e  Luby method 
i n  t e rms  of s p a t i a l  c o n c e n t r a t i o n  and n o t  i n  terms of t h e  a c c u r a c y  of  t h e  
measurement of  d i s c h a r g e  (d i scharge-weigh ted  c o n c e n t r a t i o n ) .  

Al though t h e  Luby method i s  modera te ly  s a t i s f a c t o r y ,  i t  r e q u i r e s  advance 
i n f o r m a t i o n  on v e l o c i t y  d i s t r i b u t i o n ,  and t h e  sampling p o i n t s  a r e  a t  d i f f e r e n t  
r e l a t i v e  dep ths  i n  each v e r t i c a l .  I f  t h e  samples a r e  of  e q u a l  volume they  c a n  
be  combined and ana lyzed  a s  a  s i n g l e  composi te .  Samples of  equa l  volume can  
be  o b t a i n e d  o n l y  by a  s t u d y  of  t h e  v e l o c i t y  d i s t r i b u t i o n  c u r v e  f o r  each v e r t i c a l  
and t h e  u s e  of  d i f f e r e n t  sampling t imes  f o r  each sample.  The Luby method i s  
d i s c u s s e d  h e r e  main ly  because  t h e  f o l l o w i n g  method was n o t  e v a l u a t e d  i n  Tab le  2 ,  
which i s  p r e s e n t e d  on page 51. 

B. C .  Colby recommends a  method t h a t  i s  much s i m p l e r  and s l i g h t l y  more 
a c c u r a t e  t h a n  t h e  Luby method. The d e p t h  a t  a  v e r t i c a l  i s  d i v i d e d  i n t o  equa l  
u n i t s  of  d e p t h  and samples a r e  t a k e n  a t  t h e  midd le  of each u n i t ,  For  example, 
f o r  a  5 - p o i n t  measurement samples a r e  t a k e n  w i t h  a  p o i n t - i n t e g r a t i n g  sampler  a t  
1 / 1 0 ,  3 /10,  5 /10 ,  7 /10,  and 9 /10  d e p t h  i n  each v e r t i c a l .  The c o n c e n t r a t i o n s  
a r e  t h e n  weigh ted  a c c o r d i n g  t o  t h e  v e l o c i t i e s  a t  each sampling d e p t h .  The 
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v e l o c i t y  d i s t r i b u t i o n  can be ob ta ined  be fo re  o r  a f t e r  t h e  samples a r e  taken  and 
even on s h i f t i n g  s t reams t h e  computations can be made i n  t h e  o f f i c e  r a t h e r  than  
i n  t h e  f i e l d .  Also t h e  samples a r e  taken a  l i t t l e  lower i n  t h e  v e r t i c a l  than  
f o r  t he  Luby method so  t h a t  they sample t h e  h igher  and more v a r i a b l e  concent ra -  
t i o n s  more e f f e c t i v e l y .  

Two modi f ica t ions  of t h i s  b a s i c  method a r e  important  because they  e l i m i n a t e  
t h e  need f o r  independent knowledge of t h e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  v e r t i c a l .  

a ,  The sampling time can be recorded f o r  each sample and t h e  weight  - 
of sample c o l l e c t e d  per  second can be used i n s t e a d  of s t ream v e l o c i t y  
f o r  weight ing  t h e  concen t r a t i ons  i n  a  v e r t i c a l  and from v e r t i c a l  t o  
v e r t i c a l .  

12_. I f  a  composite sample f o r  t h e  v e r t i c a l  i s  d e s i r a b l e ,  a l l  samples 
i n  t h e  v e r t i c a l  can be taken f o r  t he  same sampling time. They can 
then be combined i n t o  a  s i n g l e  composite sample f o r  t h e  v e r t i c a l .  
The weight of t he  composite sample per  second of t o t a l  sampling time 
i n  t h e  v e r t i c a l  can be used w i th  depth and spacing of t h e  v e r t i c a l s  
t o  weight  t h e  concen t r a t i on  from v e r t i c a l  t o  v e r t i c a l .  O r ,  i f  t h e  
d i s t r i b u t i o n  of d i s cha rge  i n  t h e  c r o s s  s e c t i o n  i s  known, t h e  concen- 
t r a t i o n s  i n  t h e  v e r t i c a l s  can be weighted accord ing  t o  t he  s t ream 
d ischarge  t h a t  each v e r t i c a l  r e p r e s e n t s .  

The p r e c i s e  method r e q u i r e s  v e l o c i t y  and sediment concen t r a t i on  determina-  
t i o n s  a t  s e v e r a l  p o i n t s  i n  each v e r t i c a l .  Concentrat ion and v e l o c i t y  curves  a r e  
drawn from these  d a t a ,  a s  shown i n  F i g ,  12 ,  and t h e  discharge-weighted sediment 
concen t r a t i on  i s  computed a s  de sc r ibed  i n  t h e  d i s cus s ion  of t h a t  f i g u r e  i n  Sec- 
t i o n  13.  This method i s  more l abo r ious  than necessary  f o r  most r o u t i n e  sediment 
i n v e s t i g a t i o n s ,  However, i t  does provide  a  means f o r  determining a c c u r a t e l y  
t h e  suspended-sediment d i s cha rge  and f o r  making a  complete a n a l y s i s  of t h e  
v e r t i c a l  d i s t r i b u t i o n  of p a r t i c l e  s i z e s ,  

I n  t h e  absence of a  d e t a i l e d  s tudy  t h e  method of sampling a t  t h e  mid-points 
of equal  f r a c t i o n s  of t h e  depth i s  recommended, I f  a  r e p r e s e n t a t i v e  sample of 
t h e  sediment s i z e  d i s t r i b u t i o n  a s  we l l  a s  t h e  concent ra t ion  i s  d e s i r e d ,  a t  l e a s t  
f i v e  po in t s  i n  each v e r t i c a l  should be sampled. 

19. Accu - In  genera 1 ,  t he  
accuracy  s f  po in t  sampling i n  a  v e r t i c a l  i s  a  func t ion  of t he  number of sampling 
p o i n t s  and v a r i e s  i n v e r s e l y  w i t h  t h e  coarseness  of t h e  sediment.  Reasonably 
a c c u r a t e  r e s u l t s  w i l l  be ob ta ined  w i th  any method descr ibed  i n  t h e  preceding  
paragraphs i f  t h e  suspended sediment i s  exc lu s ive ly  w i th in  t he  s i l t  and c l a y  
range .  However, t h e  percentage  e r r o r  i nc r ea se s  w i th  i nc r ea s ing  p a r t i c l e  s i z e  
and w i t h  a  decrease i n  v e l o c i t y  o r  tu rbulence .  



50 Sec t i on  19 

The e r r o r s  when t h e  discharge-weighted sediment concen t r a t i on  i n  a  v e r t i c a l  
i s  ob ta ined  from d i f f e r e n t  point-sampling methods a r e  summarized i n  Table 2  [ 4 1 ] .  
It  was assumed t h a t  t h e  sediment was d i s t r i b u t e d  v e r t i c a l l y  i n  accordance w i t h  
t he  tu rbulence  concept and t h a t  t h e  sample taken  a t  any po in t  had a  sediment 
concen t r a t i on  equal  t o  t h e  average a t  t h a t  p o i n t .  E r r o r s  i nhe ren t  i n  sampling 
methods were computed f o r  d i f f e r e n t  s t ream v e l o c i t i e s ,  p a r t i c l e  s i z e s ,  and chan- 
n e l  roughnesses .  Data i n  Table 2 show t h a t  no s i n g l e  method i s  a c c u r a t e  f o r  a l l  
cond i t i ons ,  a l though s e v e r a l  a r e  f a i r l y  r e l i a b l e  f o r  o rd ina ry  stream cond i t i ons .  
Even i n  t h e  more accu ra t e  methods t h e  e r r o r s  exceed 50 percent  f o r  some l a r g e  
sediment s i z e s  and low v e l o c i t i e s .  

Table 2 u se s  a  sediment d i s t r i b u t i o n  i n  t h e  v e r t i c a l  t h a t  i s  based on t h e  
o r i g i n a l  t u rbu l ence  theory .  The a c t u a l  d i s t r i b u t i o n  of sediment i n  a  stream i s  
more uniform [24]  than  t he  d i s t r i b u t i o n  used i n  computing Table 2 .  Therefore,  
t h e  e r r o r s  shown i n  Table 2 a r e  l a r g e r  than those  f o r  n a t u r a l  s t reams.  

F ig .  6 of Report 8 [41]  superseded by t h i s  r e p o r t ,  i l l u s t r a t e d  e r r o r s  i n  
point-sampling methods. However, i t  showed t h e  e r r o r s  i n  determining s p a t i a l  
concen t r a t i on  i n  a  v e r t i c a l  and no t  t he  e r r o r s  i n  measuring t h e  d i scharge ,  and 
s o  i t  i s  n o t  an  a p p r o p r i a t e  i l l u s t r a t i o n  of sampling e r r o r s .  

Ve loc i t y  measurements recorded cont inuous ly  f o r  a  per iod  of s e v e r a l  hours ,  
i n  t h e  Missour i  River [ 5 ]  showed t h a t  a  two-minute pe r iod  was r equ i r ed  t o  o b t a i n  
a  good average  v e l o c i t y .  The v e l o c i t y  measurements shown i n  F ig .  8 do not  de- 
v i a t e  much from a  s t r a i g h t  l i n e .  However, because of t h e  ins tan taneous  f l u c t u a -  
t i o n  i n  v e l o c i t i e s  (Fig.  4 ) ,  a t  l e a s t  6 v e l o c i t y  measurements i n  each v e r t i c a l  
a r e  r equ i r ed  t o  determine t h e  v e l o c i t y  d i s t r i b u t i o n .  Hence, a  f a i r l y  long 
sampling t ime i s  r equ i r ed  t o  o b t a i n  a  r e p r e s e n t a t i v e  sample of sediment 
concen t r a t i on .  

The p o i n t s  on t h e  log- log  sediment concen t r a t i on  - p l o t s  (F ig .  9 )  show a  
g r e a t e r  s c a t t e r i n g  than t he  p o i n t s  on t h e  corresponding v e l o c i t y  p l o t s  (Fig.  8) 
probably because t h e  sampling time f o r  sediment concen t r a t i on  was s h o r t e r  and 
some of t h e  sediment was sand. Po in t  samples taken  by t h e  A,rmy Corps of 
Engineers  i n  over  300 v e r t i c a l s  i n  t he  Missour i  River a t  Omaha, Nebraska [ 5 ] ,  
show t h a t  f l u c t u a t i o n  i n  sediment load i s  s o  g r e a t  dur ing  a  per iod  of only 15 
seconds,  t h a t  any one sample may no t  be  r e p r e s e n t a t i v e  of t h e  average sediment 
concen t r a t i on .  I f  an instrument  w i l l  no t  sample cont inuous ly  f o r  a s  long a s  
1 minute,  t h e  average  of s e v e r a l  consecut ive  s h o r t e r  sampling per iods  may be 
used.  Not l e s s  than  s i x  15-second samples and n o t  l e s s  t h a n ' t h r e e  30-second 
samples w i l l  probably be r equ i r ed  t o  dktermine average concen t r a t i on  a t  a  p o i n t .  
However, i f  a  sediment d i scharge  measurement i s  based on ' several  samples, some 
w i l l  be  h igh  and some low and t he  ins tan taneous  v a r i a t i o n s - w i l l  tend t o  average 
ou t  bo th  w i t h i n  a  v e r t i c a l  and f o r  t h e  e n t i r e  s t ream. The f l u c t u a t i o n s  from 
t h e  average concen t r a t i on  depend l a r g e l y  on p a r t i c l e  s i z e .  
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T A B L E  2 

A C C U R A C Y  O F  P O I N T  S A M P L I N G  M E T H O D S  

. X ~ e n c l a t m c ~  D rsfars t o  dspth of at ias l i  ( 2 )  re-. that the concentration of  t b  0 .6  d q t h  . ~ ~ l s  I .  given doable rai6ht. 
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20. Types of suspended-sediment samplers--Considerable  thought and inge-  
n u i t y  have been expended i n  t he  development of ins t ruments  f o r  sampling f l u v i a l  
sediment.  More than  s i x t y - f i v e  so -ca l l ed  suspended-sediment samplers a r e  de- 
s c r i b e d  i n  Report No. 1 1361. Although t h e s e  samplers were developed independ- 
e n t l y  by va r ious  i n v e s t i g a t o r s ,  many of  them a r e  s i m i l a r  bo th  i n  des ign  and 
manner of ope ra t i on .  They can be c l a s s i f i e d  i n t o  t he  fo l lowing  s i x  genera l  types :  

a .  Ordinary v e r t i c a l  p ipe  - 
b. I n s t an t aneous  v e r t i c a l  - 
c . In s t an t aneous  ho r i zon t a l  - 
d. B o t t l e  - 
e. Pumping - 
f .  I n t e g r a t i n g  - 

As a n  o rd ina ry  v e r t i c a l  p ipe  sampler i s  lowered t o  t h e  sampling depth ,  t h e  
water-sediment mix ture  flows upward through the  open sample c o n t a i n e r .  When t h e  
lowering i s  s topped,  va lves  a t  bo th  ends of t h e  p ipe  c l o s e  and t h e  sample i s  
t rapped .  The s i m p l i c i t y  of des ign  has been t h e  reason  f o r  ex t ens ive  u s e  of t h i s  
type  i n  t h e  p a s t ,  bu t  many adverse  sampling c h a r a c t e r i s t i c s  have p r a c t i c a l l y  
e l im ina t ed  i t  from c u r r e n t  u s e .  

I n  t h e  ins tan taneous  v e r t i c a l  sampler a  messenger weight  t h a t  i s  dropped 
down t h e  suspension l i n e  r e l e a s e s  t h e  sample cy l i nde r  which f a l l s  v e r t i c a l l y ,  o r  
i s  f o r ced  down by a  s p r i n g ,  t o  c l o s e  a g a i n s t  a  f l a t  p l a t e  and s e a l  t h e  sampler 
opening.  Besides t h e  d i f f e r e n c e  i n  t h e  sampling a c t i o n  of an ins tan taneous  v e r t i -  
c a l  sampler and an o rd ina ry  v e r t i c a l  p i p e  sampler,  t h e  ins tan taneous  sampler ob- 
t a i n s  a  specimen from a sma l l e r  p a r t  of t h e  v e r t i c a l .  

An ins tan taneous  h o r i z o n t a l  t r a p  sampler c o n s i s t s  of a  h o r i z o n t a l  c y l i n d e r  
equipped w i th  end va lves  which can be c lo sed  suddenly t o  t r a p  a  sample a t  any 
d e s i r e d  time and depth  [ l o ] .  The s t ream i s  allowed t o  flow through t h e  horizon-  
t a l  c y l i n d e r  a s  t h e  sampler i s  lowered t o  t h e  d e s i r e d  depth .  The h o r i z o n t a l  
t r a p  sampler has been wide ly  used i n  sediment i n v e s t i g a t i o n s .  The p r i n c i p a l  ad-  
vantages  of t h i s  type  of sampler a r e  r e l a t i v e  s i m p l i c i t y  of de s ign  and ope ra t i on ,  
a b i l i t y  t o  sample c l o s e  t o  hard bottoms, and a d a p t a b i l i t y  t o  shal low and deep 
s treams under wide v a r i a t i o n s  i n  v e l o c i t y .  Ins tan taneous  h o r i z o n t a l  samplers  
o b t a i n  a  s p a t i a l  concen t r a t i on  of sediment t h a t  cannot be  used t o  compute s e d i -  
ment d i s cha rge  u n l e s s  t h e  v e l o c i t y  of t h e  sediment i n  r e l a t i o n  t o  t he  v e l o c i t y  
of t h e  s t ream flow i s  known. For  sampling nea r  t h e  streambed, t h e  sediment 
cannot  be assumed t o  move a t  t h e  same v e l o c i t y  a s  t he  wa te r .  

The Tennessee Val ley  Author i ty  sampler (F ig .  15) i s  one kind of i n s t a n -  
taneous h o r i z o n t a l  sampler .  It has a  h o r i z o n t a l  c y l i n d e r  incased  In  a  stream- 
l i n e d  weight .  F l ap  va lves ,  hinged t o  t he  weight  above t h e  ends of t h e  c y l i n d e r ,  
a r e  h e l d  open by a  s imple ca t ch  mechanism. A p u l l  on an  a u x i l i a r y  l i n e  r e -  
l e a s e s  t h e  va lves  and t r a p s  t h e  sample. A s p r i n g  extending through t h e  c y l i n d e r  
ho lds  t h e  va lves  c lo sed .  The sampler has s u f f i c i e n t  weight  f o r  o rd ina ry  condi- 
t i o n s  i n  shal low streams but  a d d i t i o n a l  weights  may be used i f  d e s i r e d .  
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FIG. 17--FLOW PATTERN AT MOUTH OF SAMFEER INTAKE, 
SAMPLING RATE BELOW NORMAL 

Adapted  from F i g .  13 of r e f e r e n c e  41 

Experiments d e s c r i b e d  i n  Report  No. 5  [ 3 9 ]  show t h a t  e r r o r s  from sampl ing  
r a t e s  below normal a r e  c o n s i d e r a b l y  l a r g e r  t h a n  e r r o r s  from sampling r a t e s  a  
l i k e  amount above normal.  These exper iments  i n d i c a t e d  a l s o  t h a t  a s  t h e  s i z e  of  
sediment  i n c r e a s e d  above 0 .06 mm t h e  magni tude of t h e  e r r o r s  i n  sediment  con- 
c e n t r a t i o n  i n c r e a s e d  r a p i d l y .  With a n  i n t a k e  v e l o c i t y  t o  s t ream v e l o c i t y  r a t i o  
of  0 . 2 5  t h e  e r r o r  i n  sediment  c o n c e n t r a t i o n  was 8 p e r c e n t  t o o  g r e a t  f o r  s e d i -  
ments of 0.06-mm d i a m e t e r ,  and 100 p e r c e n t  t o o  g r e a t  f o r  sediments  of 0.45-mm 
d i a m e t e r .  Obviously ,  p roper  e n t r a n c e  c o n d i t i o n s  a r e  i m p o r t a n t ,  e s p e c i a l l y  when 
a  sampler  i s  t o  be  used i n  s t r e a m s  c a r r y i n g  r e l a t i v e l y  c o a r s e  sed iments .  

Any s l o w - f i l l i n g  sediment  sampler  w i t h  a  c o n t a i n e r  of f i x e d  vol.ume w i l l  
f i l l  a t  a n  uneven r a t e  when s u b j e c t e d  t o  a  pronounced p r e s s u r e  d i f f e r e n t i a l  
between t h e  sampling p o i n t  and t h e  a i r  i n  t h e  c o n t a i n e r .  When t h e  a i r  i n  t h e  
sample c o n t a i n e r  remains  a t  a tmospher ic  p r e s s u r e  and t h e  sampler  i s  opened below 
t h e  w a t e r  s u r f a c e ,  t h e r e  occurs  a n  i n i t i a l  i n r u s h  of  t h e  wa te r - sed iment  m i x t u r e  
which i s  v o l u m e t r i c a l l y  a  f u n c t i o n  of  t h e  d e p t h  of submergence and t h e  s i z e  of 
t h e  c o n t a i n e r .  A s  t h e  a i r  i n  t h e  sample c o n t a i n e r  i s  compressed, b o t h  p r e s s u r e  
d i f f e r e n t i a l  and f i l l i n g  r a t e  q u i c k l y  r e d u c e  u n t i l  t h e  f i l l i n g  o p e r a t i o n  becomes 
t h e  normal a c t i o n  i n v o l v i n g  d i sp lacement  of a i r .  The i n i t i a l  i n r u s h  p e r i o d  was 
found t o  be l e s s  t h a n  1 s e c  i n  exper iments  d e s c r i b e d  i n  Report  No. 5  [39], I n  
s t i l l - w a t e r  t e s t s  on f i v e  d i f f e r e n t  sampler  d e s i g n s  t h e  observed i n i t i a l  i n r u s h  
d e v i a t e d  l e s s  than  1 p e r c e n t  from t h e  t h e o r e t i c a l  cu rve  shown i n  F i g ,  18 [ 4 l ] .  
F o r  sample r s  w i t h  fixed-volume c o n t a i n e r s ,  t h e  i n i t i a l  i n r u s h  can be  e l i m i n a t e d  
by p r o v i d i n g  a  means of p r e s s u r e  b a l a n c e  between t h e  a i r  i n  t h e  c o n t a i n e r  and 
h y d r o s t a t i c  p r e s s u r e  su r round ing  t h e  sample r .  A p r e s s u r e  d i f f e r e n t i a l  between 
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FIG. 18--INITIAL INRUSH FOR SLOW-FILLING SAMPLERS 

A d a p t e d  from Fig. 14 of r e f e r ence  41 

t h e  sampling p o i n t  and t he  con t a ine r  can cause sampling e r r o r s  i n  t h e  fo l lowing  
ways: 

a .  The excess ive  sampling r a t e  du r ing  t h e  i n i t i a l  i n ru sh  per iod  tends - 
t o  s eg rega t e  sediment from t h e  wa te r  f i l amen t  r e s u l t i n g  i n  a  sam- 
p l e  too  low i n  concen t r a t i on .  

b .  I f  a  r e l a t i v e l y  l a r g e  p o r t i o n  of t h e  sample con t a ine r  i s  f i l l e d  i n  - 
l e s s  than  1 s e c ,  t he  sample w i l l  n o t  r e p r e s e n t  t he  mean sediment 
concen t r a t i on  a t  t he  sampling p o i n t .  

c .  I f  t h e  sample i s  c o l l e c t e d  only on t h e  upward t r i p  by t h e  depth- - 
i n t e g r a t i o n  method, too  l a r g e  a  f r a c t i o n  of t h e  t o t a l  sample w i l l  
be taken  from the  zone of h ighes t  sediment concen t r a t i on  near  t h e  
streambed. 

2 2 .  The US s e r i e s  of d e p t h - i n t e g r a t i n g  samplers--The Inter-Agency P r o j e c t  
has  designed a  s e r i e s  of d e p t h - i n t e g r a t i n g  samplers .  These samplers have many 
th ings  i n  common: 

An i n t a k e  nozz l e  p o i n t s  d i r e c t l y  i n t o  t h e  approaching streamflow. An a i r -  
exhaust tube  has an  o u t l e t  on t he  s i d e  of t he  sampler head s o  t h a t  a i r  can es -  
cape from t h e  sample con t a ine r  a s  t h e  sample i s  taken.  There a r e  no va lves  on 
t h e  i n t a k e  o r  exhaust  l i n e s .  Sampling begins when a  sampler i s  f i r s t  submerged 
and ceases  when t h e  sampler i s  removed from t h e  w a t e r .  This round - t r i p  sampling 
l i m i t s  t h e  maximum sampling depth t o  about 17 f e e t  f o r  a  sample of about  400 m l .  
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The sample c o n t a i n e r  i s  a  one-po in t  round m i l k  b o t t l e .  A h inged  sampler  head pro- 

v i d e s  a c c e s s  t o  t h e  sample c o n t a i n e r  i n  some models,  b u t  i n  o t h e r s  t h e  c o n t a i n e r  
i s  o n l y  p a r t i a l l y  enc losed  and i t  i s  h e l d  i n  p l a c e  by a  s p r i n g .  The c o n t a i n e r  
r e s t s  a t  a n  a n g l e  s o  t h a t  sample w i l l  n o t  b e  l o s t  when t h e  c o n t a i n e r  i s  n e a r l y  
f u l l .  The i n t a k e  v e l o c i t y  was made equa l  t o  t h e  s t ream v e l o c i t y  f o r  p r o p e r  
sample i n t e g r a t i o n  and a c c u r a t e  sampling ( F i g .  19)  [ 4 1 ] .  

VELOCITY AT SAMPLING POINT-PT./SEC. WERAGE STREAM VELOCITY-F?. SEC. 

h b o r a t o r y  t e s t s  F i e l d  t e s t s  

FIG. 19--INTAKE CHARACTERISTICS OF A US SUSPENDED-SEDIMENT SAMPLER 

Adapted from F i g s .  18 and 19 of  r e f e r e n c e  41 

The f o u r  common U.  S. d e p t h - i n t e g r a t i n g  sample rs  a r e  a s  f o l l o w s :  

A US DH-48  sampler  ( F i g s .  20 and 21) i s  used i n  sha l low s t reams  t h a t  c a n  b e  
waded o r  sampled from a  v e r y  low b r i d g e .  The sampler  c o n s i s t s  of a  s t r e a m l i n e d  
aluminum c a s t i n g ,  1 3  i n .  long ,  which p a r t i a l l y  e n c l o s e s  t h e  sample c o n t a i n e r .  
A s p r i n g - t e n s i o n  clamp ho lds  t h e  sample c o n t a i n e r  a g a i n s t  a  rubber  s e a l  i n  t h e  
sampler  head.  The sample r ,  i n c l u d i n g  t h e  c o n t a i n e r ,  weighs 4  112 pounds. A 
s t a n d a r d  s t ream-gaging wading rod  i s  t h r e a d e d  i n t o  t h e  t o p  of  t h e  sampler  body 
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f o r  suspend ing  t h e  sample r .  The ins t rument  can  sample t o  w i t h i n  3  1 / 2  i n .  of 

t h e  s t reambed .  The sampler  i s  c a l i b r a t e d  w i t h  a  1 / 4 - i n .  i n s i d e - d i a m e t e r  n o z z l e  
3owever,  a  3116-in.  n o z z l e  may a l s o  be  u s e d .  

A ITS Dl--59 sampler  ( F i g s .  22 and 23) was s p e c i a l l y  des igned  f o r  u s e  w i t h  a  
h a n d - l i n e  suspens ion ,  p r i m a r i l y  i n  s t reams  t h a t  cannot  be  waded, bu t  which have 
v e l o c i t i e s  l e s s  than  6  f t  p e r  s e c .  The sampler  weighs 24 pounds and i s  1 5  i n .  
l o n g .  It  i s  s i m i l a r  t o  t h e  US DH-48 excep t  t h a t  t a i l v a n e s  o r i e n t  t h e  sampler  i n  

t h e  - treamflow . 

The US D-63 sampler  i s  s u i t a b l e  f o r  d e p t h - i n t e g r a t i o n  of s t r eams  l e s s  than  
1 7  f e e t  deep i n  which t h e  v e l o c i t i e s  p r e f e r a b l y  do n o t  exceed 7 f t  p e r  s e c .  The 

sample r  weighs abou t  50 pounds and i s  hung on a  s t e e l  c a b l e  and suspended from a  
r e e l  and c r a n e .  

The US D-49 sampler  i s  a n  improved d e s i g n  of  t h e  D-43. The D-49 i s  h e a v i e r  

( abou t  62 pounds) and more s t a b l e  i n  h i g h  v e l o c i t y  o r  t u r b u l e n t  f low.  I t  i s  
e a s i e r  t o  o p e r a t e ,  more rugged,  and cheaper  t o  manufac tu re .  The D-49 samples t o  
t h e  same d e p t h  b u t  i s  adap ted  t o  s l i g h t l y  h i g h e r  v e l o c i t i e s  than  t h e  D-43. The 

s a m p l e r ,  which i s  shown i n  F i g s .  24 and 25, has  a  c a s t  b ronze  s t r e a m l i n e d  body 
24 i n .  l o n g ,  i n  which t h e  sample c o n t a i n e r  i s  e n c l o s e d .  I n t e g r a l l y - c a s t  t a i l  
vanes  o r i e n t  t h e  i n s t r u m e n t  i n  t h e  s t reamf low.  The nose  of t h e  sampler  i s  d r i l -  
l e d  and tapped f o r  i n t a k e  n o z z l e s ,  114- ,  3116-, and 1 1 8 - i n .  i n  d i a m e t e r .  

Development of  t h e  US D-43, US DH-48, and US D-49 sample rs  i s  d i s c u s s e d  i n  
Report  6 [40] . 

23. The US s e r i e s  of p o i n t - i n t e g r a t i n g  s a m p l e r s - - P o i n t - i n t e g r a t i n g  sample rs  
a r e  more v e r s a t i l e  t h a n  t h e  s i m p l e r  d e p t h - i n t e g r a t i n g  t y p e s .  They can be  used t o  
c o l l e c t  a  sample t h a t  r e p r e s e n t s  t h e  mean sediment  c o n c e n t r a t i o n  a t  any s e l e c t e d  
p o i n t  b e n e a t h  t h e  s u r f a c e  of a  s t r e a m  excep t  w i t h i n  a  few i n c h e s  of t h e  bed ,  and 
a l s o  t o  sample c o n t i n u o u s l y  o v e r  a  r a n g e  i n  d e p t h .  They a r e  used  f o r  dep th -  
i n t e g r a t i o n  i n  s t reams  t o o  deep t o  sample i n  a  s i n g l e  r o u n d - t r i p  i n t e g r a t i o n .  
I n  d e p t h  i n t e g r a t i o n ,  sampling can s t a r t  a t  any d e p t h  and c o n t i n u e  i n  e i t h e r  an 
upward o r  downward d i r e c t i o n  f o r  a  maximum v e r t i c a l  d i s t a n c e  of  abou t  30 f e e t .  

A p o i n t - i n t e g r a t i n g  sampler  has  a  3116-in .  n o z z l e  t h a t  p o i n t s  d i r e c t l y  i n t o  
t h e  s t reamf low,  and a n  a i r  e x h a u s t  t h a t  p e r m i t s  a i r  t o  l e a v e  t h e  sample  c o n t a i n e r  
a s  t h e  sample e n t e r s .  The i n t a k e  and exhaus t  passages  a r e  c o n t r o l l e d  by a  v a l v e .  
When t h e  v a l v e  i s  i n  t h e  sampl ing  p o s i t i o n  t h e  sampling a c t i o n  i s  t h e  same a s  i n  
a  dep t h - i n t e g r a t i n g  sampler .  A p r e s s u r e - e q u a l i z i n g  chamber ( d i v i n g - b e l l  p r i n c i -  
p l e )  i s  enc losed  i n  t h e  sampler  body t o  e q u a l i z e  t h e  a i r  p r e s s u r e  i n  t h e  c o n t a i n -  

e r  w i t h  t h e  e x t e r n a l  h y d r o s t a t i c  head a t  t h e  i n t a k e  n o z z l e  a t  a l l  d e p t h s .  The 
i n r u s h ,  which would o t h e r w i s e  o c c u r  when t h e  i n t a k e  and a i r  exhaus t  a r e  opened 
below t h e  s u r f a c e  of t h e  s t r e a m ,  i s  t h e r e b y  e l i m i n a t e d .  
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The body of t h e  100-pound US P-46 p o i n t - i n t e g r a t i n g  sampler  ( F i g s .  26,  2 7 ,  
and 28) c o n s i s t s  of a  s t r e a m l i n e d  c a s t  b ronze  s h e l l ;  an  i n n e r  r e c e s s  t o  h o l d  t h e  
sample c o n t a i n e r ,  which i s  a  round p i n t  m i l k  b o t t l e ;  a  p r e s s u r e - e q u a l i z i n g  cham- 
b e r  w i t h  a  volume a b o u t  f i v e  t imes  t h a t  of t h e  sample  c o n t a i n e r ;  and a  t a p e r e d  
r o t a r y  v a l v e  which c o n t r o l s  t h e  sample - in take  and a i r - e x h a u s t  p a s s a g e s .  Wher 
t h e s e  p a s s a g e s  a r e  c l o s e d  p r i o r  t o  lower ing  t h e  sampler  i n t o  a  s t r e a m ,  t h e  p r e s -  
s u r e - e q u a l i z i n g  p a s s a g e  i s  open.  As t h e  sampler  i s  submerged, w a t e r  e n t e r s  t h e  
p r e s s u r e - e q u a l i z a t i o n  chamber th rough  a  permanent open ing  i n  t h e  bottom of t h e  
s h e l l ,  and compresses  t h e  a i r  i n  t h e  chamber and i n  t h e  sample c o n t a i n e r .  The 
v a l v e  h a s  t h r e e  p o s i t i o n s :  2 i n t a k e  and a i r  e x h a u s t  c l o s e d ,  p r e s s u r e - e q u a l i z i n g  
p a s s a g e  open; b i n t a k e  and a i r  exhaus t  open,  e q u a l i z i n g  p a s s a g e  c l o s e d ;  c 411  

p a s s a g e s  c l o s e d .  A s o l e n o i d ,  e n e r g i z e d  by s i x  o r  e i g h t  6 - v o l t  l a n t e r n  b a t t e r i e s ,  
moves t h e  v a l v e  i n  t u r n  from one p o s i t i o n  t o  t h e  n e x t .  The c u r r e n t  from t h e  b a t -  
t e r i e s ,  which a r e  l o c a t e d  on t h e  o p e r a t i n g  r i g ,  f lows  t o  t h e  s o l e n o i d  th rough  a  
two-conductor c u r r e n t - m e t e r  c a b l e  which suspends  t h e  sample r .  The sampler  can b e  
used  t o  d e p t h s  of a t  l e a s t  75  o r  120 f e e t  depending on t h e  arrangement  of t h e  a i r  
exhaus t  l i n e  i n  t h e  sampler  head .  

The v a l v e  i n  t h e  o r i g i n a l  US P-46 sample r  was r o t a t e d  by a  c l o c k - t y p e  s p r i n g  
which r e q u i r e d  wind ing  a f t e r  f o u r  o r  f i v e  samples  had been t a k e n .  The v a l v e  
r a t c h e t  mechanism was t r i p p e d  by means of a  p l u n g e r - t y p e  s o l e n o i d  which was en- 
e r g i z e d  when a  push b u t t o n  s w i t c h  was p r e s s e d .  Each t ime  t h e  v a l v e  r a t c h e t  was 
t r i p p e d  t h e  v a l v e  r o t a t e d  t o  t h e  n e x t  p o s i t i o n .  

The US P-46 R sampler  u t i l i z e s  a  r o t a r y  s o l e n o i d  t o  t u r n  t h e  v a l v e  t o  each  
p o s i t i o n .  The r o t a r y  s o l e n o i d  i s  a c t i v a t e d  by a  t e l e p h o n e - d i a l  s w i t c h  a t  t h e  
o b s e r v e r ' s  s t a t i o n  on t h e  b r i d g e  o r  cableway. A ~ F g ~ - ; : n l i g . ~ :  d e v i c e  i n d i c a t e s  when 
t h e  v a l v e  i s  i n  t h e  sampl ing p o s i t i o n .  D e t a i l s  o f  t h i s  mechanism a r e  shown i n  
F i g .  28 .  

The 100-pound US P-61 ( F i g s .  29, 30, and 31) i s  a p o i n t - i n t e g r a t i n g  sampler  
t h a t  i s  s i m i l a r  t o  t h e  US P-46 i n  s i z e ,  s h a p e ,  w e i g h t ,  c o n s t r u c t i o n  m a t e r i a l ,  u s e  
o f  p r e s s u r e - e q u a l i z a t i o n  chamber, sample c o n t a i n e r ,  t a p e r e d  r o t a r y  v a l v e ,  two- 

conduc to r  s u s p e n s i o n  c a b l e ,  and power s u p p l y .  The US P-61 i s  s i m p l e r  and l e s s  
expens ive  t h a n  t h e  US P-46. I t  can b e  used  f o r  d e p t h - i n t e g r a t i o n  a s  w e l l  a s  
f o r  p o i n t - i n t e g r a t i o n  t o  s t r e a m  d e p t h s  of a t  l e a s t  150 f e e t .  The sampler  v a l v e  
i s  o p e r a t e d  by a  r o t a r y  s o l e n o i d  which t u r n s  t h e  r o t a r y  v a l v e  th rough  a n  a n g l e  
of 45O. The v a l v e  h a s  two p o s i t i o n s  i n s t e a d  o f  t h r e e  a s  i n  t h e  US P-46 s a m p l e r .  
When t h e  s o l e n o i d  i s  n o t  e n e r g i z e d  t h e  v a l v e  i s  i n  t h e  e q u a l i z i n g  p o s i t i o n ,  i n  
which p o s i t i o n  t h e  i n t a k e  and a i r - e x h a u s t  p a s s a g e s  a r e  c l o s e d ,  t h e  a i r  chamber 
i n  t h e  body i s  connec ted  t o  t h e  c a v i t y  i n  t h e  sample r  head and  t h e  head c a v i t y  
i s  connec ted  th rough  t h e  v a l v e  t o  t h e  sample  c o n t a i n e r .  When t h e  s o l e n o i d  i s  
e n e r g i z e d ,  t h e  v a l v e  i s  i n  t h e  sampl ing  p o s i t i o n ;  t h a t  i s ,  t h e  i n t a k e  and a i r -  
exhaus t  p a s s a g e s  a r e  open and t h e  c o n n e c t i o n  from t h e  sample c o n t a i n e r  t o  t h e  
head c a v i t y  i s  c l o s e d .  I n  normal sampl ing o p e r a t i o n ,  t h e  sample r  i s  lowered 
t o  t h e  d e s i r e d  sampl ing  p o s i t i o n  and a  s w i t c h  i s  h e l d  c l o s e d  t o  e n e r g i z e  t h e  
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s o l e n o i d  f o r  t h e  l e n g t h  o f  t i m e  t h a t  sampl ing i s  t o  c o n t i n u e .  A 200-pound US 
P-63 p o i n t - i n t e g r a t i n g  sample r  ( F i g s ,  32 and 33) i s  a l s o  a v a i l a b l e .  The v a l v e  
mechanism and o p e r a t i o n  of t h e  US P-61 and US P-63 a r e  i d e n t i c a l .  However, t h e  
US P-63 p r o v i d e s  f o r  b o t h  p i n t  and q u a r t  sample c o n t a i n e r s .  

The 300-pound US P-50 sample r  ( F i g s .  34, 35,  and 36) was deve loped  t o  t a k e  
suspended-sediment  samples  i n  ex t remely  deep s t r e a m s  o f  h i g h  v e l o c i t y .  The body 
o f  t h e  sampler  i s  c a s t  b r o n z e ,  4 4 - i n .  l o n g ,  s t r e a m l i n e d , a n d  equipped w i t h  i n t e -  
g r a l  t a i l v a n e s  t o  o r i e n t  i t  i n  t h e  f low.  The sampler  head i s  h inged  t o  p r o v i d e  
a c c e s s  t o  t h e  sample c o n t a i n e r ,  a  round q u a r t  m i l k  b o t t l e .  An e l e c t r i c a l l y  
a c t u a t e d  v a l v e  mechanism t o  s t a r t  and s t o p  t h e  sampl ing  p r o c e s s  i s  l o c a t e d  i n  
t h e  head .  The s l i d i n g  v a l v e  h a s  two p o s i t i o n s ;  2, t h e  e q u a l i z i n g  p o s i t i o n ,  i n  
which t h e  p r e s s u r e  i n  t h e  sample c o n t a i n e r  i s  b a l a n c e d  w i t h  t h e  h y d r o s t a t i c  
p r e s s u r e  a t  t h e  n o z z l e ,  and i n  which t h e  i n t a k e  and e x h a u s t  p a s s a g e s  a r e  b o t h  
c l o s e d ;  and b, t h e  sampl ing  p o s i t i o n ,  i n  which t h e  i n t a k e  and a i r  exhaus t  a r e  
open.  The v a l v e  i s  h e l d  i n  t h e  e q u a l i z i n g  p o s i t i o n  by a  s p r i n g .  S o l e n o i d s ,  
when e l e c t r i c a l l y  e n e r g i z e d ,  h o l d  t h e  v a l v e  i n  t h e  sampl ing  p o s i t i o n .  About 
1 ampere of d i r e c t  c u r r e n t  a t  50 v o l t s  i s  r e q u i r e d  f o r  dependab le  o p e r a t i o n .  
The compress ion chamber i n  t h e  body of t h e  sampler  h a s  a  volume a d e q u a t e  f o r  
o p e r a t i o n  t o  d e p t h s  of 200 f e e t .  Because o f  i t s  w e i g h t ,  t h e  sampler  r e q u i r e s  
a  rugged c a b l e ,  r e e l ,  and c r a n e  s u s p e n s i o n .  

Development of t h e  US P-46 and US P-50 sample r s  i s  d i s c u s s e d  i n  Repor t  
No. 6 [ 4 0 ] .  
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I V .  DETERMINATION OF BED-LOAD DISCHARGE 

2 4 .  Ways of de te rmin ing  bed-load d i s cha rge - -F luv i a l  sediment i nves t i ga -  
t i o n s  o f t e n  involve  t h e  measurement and a n a l y s i s  of t h e  suspended sediment on ly ,  
and a l though t h e  suspended-sediment d i s cha rge  i s  t he  major p a r t  of t h e  t o t a l  
sediment d i scharge  t h e  bed-load d ischarge  may be s i g n i f i c a n t  a l s o .  The bed-load 
d i s cha rge ,  i . e . ,  t h e  quanc i ty  per  u n i t  t ime of sediment t h a t  moves p a s t  a  s e c t i o n  
by bouncing, r o l l i n g ,  o r  s l i d i n g  a long  t he  streambed, may be measured, o r  i t  may 
be computed by i n d i r e c t  methods. 

Bed load  may be  determined i n  fou r  main ways: 

a .  The most d i r e c t  method of measuring bed-load d i s cha rge  i s  w i th  - 
a  s l o t  o r  t r a p  t h a t  extends ac ros s  t h e  bed of a  s t ream and ca t ches  
t h e  bed load t h a t  comes down t h e  s t ream. The q u a n t i t y  of bed load 
c o l l e c t e d  per  u n i t  of time i s  t h e  bed-load d i s cha rge  of t h e  s t ream 
(Sec t ion  2 5 ) .  

b .  Bed-load d i s cha rge  can be determined from s e v e r a l  samples taken - 
w i t h  a  p o r t a b l e  sampler t h a t  c o l l e c t s  t h e  bed-load d i s cha rge  from a  
narrow wid th  of t h e  streambed (Sec t ions  26  t o  2 9 ) .  Sometimes e s t i -  
mates of bed-load d i s cha rge  can be  made from i n d i r e c t  measurements 
(Sec t ion  30) .  

c .  Bed-load d i s cha rge  can be computed from bed-mater ia l  samples and - 
t h e  hyd rau l i c  parameters  of t h e  s t ream flow (Sec t i on  31) .  

d .  Bed-load d i s cha rge  can be ob ta ined  by s u b t r a c t i n g  suspended- - 
sediment d i s cha rge  from t o t a l  sediment d i s cha rge .  

2 5 .  Bed-load traps--Bed-load t r a p s  a r e  s l o t s ,  t r enches ,  o r  small  p i t s  t h a t  
a r e  p laced  i n  t he  streambed t o  ca t ch  sediment t h a t  moves a s  bed load .  The s ed i -  
ment caught i n  t he  t r a p  i s  removed and measured. 

The S o i l  Conservat ion Se rv i ce  b u i l t  an e l a b o r a t e  appa ra tu s  of t h e  f i xed -  
s l o t  t ype  t o  measure t h e  bed-load d ischarge  i n  t h e  Enoree River  a t  Greenv i l l e ,  
South Caro l ina  (Fig.  37) [ 1 9 ] .  The e n t i r e  r i v e r  bed width of about  100 f e e t  
was paved w i th  conc re t e  f o r  a  l eng th  of about  100 f e e t .  Near t h e  lower end of 
t h i s  pavement t he  r i v e r  was d iv ided  by conc re t e  vanes i n t o  14 sub-channels ,  5 
f e e t  wide,  each having a ga ted  s l o t  i n  t h e  bottom which could be opened and 
c lo sed .  Bed load t h a t  dropped i n t o  t he  s l o t s  was p e r i o d i c a l l y  pumped ou t  
through a  p ipe  beneath t h e  f l o o r  t o  a  hopper on t h e  bank, The bed-load was 
depos i t ed  i n  t h e  hopper and t h e  water  wasted over  a  sp i l lway  c r e s t .  Continuous 

r eco rds  of bed-load d i s cha rge  were ob ta ined  w i t h  t h i s  appa ra tu s ,  [ 231. 
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Other  l e s s  e l a b o r a t e  s l o t - ~ y p e  sample rs  have been u s e d .  The Mountain Creek 
Sampler i n s t a l l e d  n e a r  G r e e n v i l l e ,  Sou t !~  C a r o l i n a ,  [ 2 0 ] ,  was a  s e m i p o r t a b l e  
s l o t - t y p e  sampler  f o r  u s e  on smal l  s t r e a m s .  I t  o p e r a t e d  on t h e  same p r i n c i p l e  
a s  t h e  permanent sampler .  The bed l o a d  t r apped  i n  t h e  s l o t  was c o n t i n u o u s l y  
pumped o u t  and weighed. 

A d e v i c e  c a l l e d  t h e  v o r t e x - t u b e  sand t r a p  f o r  removal of c o a r s e  bed l o a d  
from a  s t ream o r  c a n a l  was f i r s t  d e s c r i b e d  by R .  L .  P a r s h a l l ,  1933 [ 6 3 ] .  
A .  R.  Robinson (1960) [65]  made o t l l e r  t e s t s  i n  t h e  l a b o r a t o r y  and under  some 
f i e l d  c o n d i t i o n s .  Tliis d e v i c e  was des igned  t o  f u n c t i o n ,  n o t  a s  a  bed- load 
sample r ,  b u t  a s  a  means of  p r e v e n t i n g  c o a r s e  sediment  from e l i t e r i n g  and de- 
p o s i t i n g  i n  i r r i g a t i o n  c a n a l s ,  power t u r b i n e s ,  and o t h e r  w a t e r  sys tems .  The 
v o r t e x  t u b e  w i t h  a  s l o t  a l o n g  t h e  t o p  i s  p l a c e d  i n  t h e  s t reambed a t  a n  a n g l e  of 
45 d e g r e e s  t o  t h e  f low.  The shape  of  t h e  v o r t e x  t u b e  i s  n o t  c r t i c i a l  p r o v i d i n g  
t h e  sed iment  once t r a p p e d  i s  n o t  washed back i n t o  t h e  s t r e a m .  The sediment  and 

a  s m a l l  amount of w a t e r  i s  was ted  o u t  one end of  t h e  v o r t e x  t u b e .  The t u b e s  
t h a t  were  t e s t e d  removed abou t  80 p e r c e n t  of t h e  bed l o a d  t h a t  was c o a r s e r  t h a n  
0 . 5 0  mm. 

Trnp- type  sample rs  a r e  c a p a b l e  of c o l l e c t i n g  n e a r l y  100 p e r c e n t  of t h e  bed- 
l o a d .  However, they  a r e  c o s t l y  because  t h e y  a r e  d i f f i c u l t  t o  p l a c e  i n  a  s t r eam-  
bed and t h e  t r a p p e d  m a t e r i a l  must be  e i t h e r  pumped o r  dug o u t  of  t h e  sample r .  

26.  Sampling w i t h  p o r t a b l e  bed- load d i s c h a r g e  samplers--The bed of a n  a l l u -  
v i a l  s t r e a m  i s  o f t e n  v e r y  i r r e g u l a r ;  i t  may c o n s i s t  of r i p p l e s ,  dunes o r  a n t i -  
dunes ,  a s  w e l l  a s  a  p l a n e  bed;  and t h e  bed- load d i s c h a r g e  v a r i e s  r a p i d l y  and 
e r r a t i c a l l y  w i t h  t ime  and w i t h  l a t e r a l  d i s t a n c e  a c r o s s  t h e  s t r e a m .  A s h o r t  
p e r i o d  of measurement :{ill n o t  p r o v i d e  r e p r e s e n t a t i v e  d a t a  a t  a  sampling p o i n t .  
T h e r e f o r e ,  numerous samples o v e r  a  long  sampling p e r i o d  a r e  n e c e s s a r y  and l a r g e  
q u a n t i t i e s  of sediment  must be  hand led .  During a  long  p e r i o d ,  however, t h e  
f low c o n d i t i o n s  may change c o n s i d e r a b l y .  

No s i n g l e  a p p a r a t u s  o r  p rocedure  has  proved t o  b e  comple te ly  a d e q u a t e  f o r  
t h e  sampl ing  of bed- load d i s c h a r g e  because  t h e  u t i l i t y  of each sample r  i s  l i m i t -  

ed t o  a  narrow r a n g e  of sediment  and h y d r a u l i c  c o n d i t i o n s  1211 [ 3 3 ] .  To be  
u n i v e r s a l l y  a c c e p t a b l e ,  a  bed- load d i s c h a r g e  sampler  must b e  c a p a b l e  of  t r a p p i n g  
t h e  l a r g e s t  and s m a l l e s t  p a r t i c l e s  moving a l o n g  t h e  s t reambed ,  be c a p a b l e  of 
orienting i t s e l f  i n t o  t h e  f low,  and remain s t a b l e  i n  p o s i t i o n  on t h e  s t reambed.  
The sample r  should n o t  a l t e r  t h e  n a t u r a l  f low p a t t e r n  on t h e  s t reambed.  

Most p o r t a b l e  bed- load d i s c h a r g e  sample rs  p r e s e n t  h i g h  r e s i s t a n c e  t o  f low 
and r e q u i r e  a n  e l a b o r a t e  s u s p e n s i o n  system i n  r a p i d l y  f lowing  s t r e a m s .  AS t h e  
sampler  i s  lowered t o  t h e  s t reambed,  i t  p a s s e s  through a  wide r a n g e  of v e l o c i -  
t i e s  and e n t e r s  a  zone of r e l a t i v e l y  low v e l o c i t y  n e a r  the s t reambed .  I n  t h e  
lower  v e l o c i t y ,  t h e  downst-rzan f o r c e  i s  redut~i:d and t h e  sampler  t e n d s  t o  -nitve 
upstrea-1,  t o  d i v e  i n t o  t h e  s t reambed ,  and t o  scoop up bed sediment  vhic'n i s  n o t  
i n  t r a n s p o r t .  Turbu len t  f low and f l u c t u a t i o r i s  i n  s t r eam v e l o c i t y  als:) xay cailse 
t h e  sampler  t o  o s c i l l a t e  and scoop s r d i v e n t  from t h e  b e d .  
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Because of t h e  u n c e r t a i n t i e s  invo lved  i n  sampling w i t h  bed- load d i s c h a r g e  
s a m p l e r s ,  i t  i s  n e c e s s a r y  t o  de te rmine  a n  e f f i c i e n c y  c o e f f i c i e n t .  The sampling 
e f f i c i e n c y  of a  bed- load d i s c h a r g e  sampler  can be  d e f i n e d  a s  t h e  r a t i o  of t h e  
w e i g h t  o f  bed l o a d  c o l l e c t e d  d u r i n g  a  g i v e n  sampling t ime t o  t h e  we igh t  of bed 
l o a d  t h a t  would have passed  through t h e  sampler  w i d t h  i n  t h e  same t ime had t h e  
sample r  n o t  been t h e r e .  True e f f i c i e n c y  f a c t o r s  f o r  a  sampler  a r e  n o t  e a s i l y  

de te rmined  because  i t  i s  d i f f i c u l t  t o  measure a c c u r a t e l y  t h e  amount of bed l o a d  
t h a t  would have passed  th rough  t h e  w i d t h  occupied by t h e  sampler  had i t  n o t  been 
t h e r e .  

Some l a b o r a t o r y  f lume t e s t s  have been made t o  c a l i b r a t e  sample r s  f o r  hydrau- 
l i c  and sampling e f f i c i e n c y .  However, because  i t  i s  d i f f i c u l t  t o  m a i n t a i n  a  u n i -  
form d i s t r i b u t i o n  of sediment  a c r o s s  t h e  flume i n  t h e  l a b o r a t o r y ,  and a  un i fo rm 
r a t e  of  t r a n s p o r t  of  bed m a t e r i a l  o v e r  t h e  wid th  and l e n g t h  of t h e  f lume,  t h e  
problems of  c a l i b r a t i n g  bed- load  d i s c h a r g e  samplers  a r e  complex. C a l i b r a t i o n s  
have bcon a t t empted  b o t h  i n  flumes w i t h  f i x e d  beds and i n  f lumes w i t h  movable 
beds .  F u l l  s i z e  bed- load d i s c h a r g e  samplers  a r e  u s u a l l y  t o o  l a r g e  t o  t e s t  i n  
a  l a b o r a t o r y  flume w i t h o u t  a l t e r i n g  t h e  f low c o n d i t i o n s ,  and,  t h e r e f o r e ,  s c a l e  
models a r e  used f o r  t h e  c a l i b r a t i o n .  Complete s i m i l i t u d e  of a l l  t h e  f a c t o r s  
i n v o l v e 6  i s  n o t  r e a d i l y  o b t a i n a b l e  i n  model t e s t s ,  and because  h y d r a u l i c  and 
sediment  c o n d i t i o n s  i n  a  n a t u r a l  s t r eam d i f f e r  g r e a t l y  from t h o s e  a t t a i n a b l e  
i n  t h e  model,  e f f i c i e n c i e s  determined i n  flumes a r e  q u e s t i o n a b l e .  

2 7 .  E a r l y  bed- load  d i s c h a r g e  samplers--Bed-load d i s c h a r g e  may b e  d e t e r -  
mined from t h e  amount of m a t e r i a l  t r apped  p e r  u n i t  t ime i n  a  sampler  l o c a t e d  a t  
one o r  more p o i n t s  a c r o s s  t h e  s t reambed.  I n  g e n e r a l  bed- load  d i s c h a r g e  sample rs  
can b e  c l a s s i f i e d  a c c o r d i n g  t o  t h e i r  d e s i g n  o r  p r i n c i p l e  of  o p e r a t i o n  i n t o  f o u r  
t y p e s :  b a s k e t ,  pan, p r e s s u r e - d i f f e r e n c e ,  and s l o t .  [ 3 3 ] .  

The e a r l i e s t  t y p e  o f  bed- load d i s c h a r g e  sampler  of  r e c o r d  c o n s i s t e d  o f  a 
b a s k e t  o r  box which was g e n e r a l l y  made of mesh m a t e r i a l .  I n  most d e s i g n s  of 
t h i s  t y p e  t h e  upstream end of t h e  sampler  had a  r i g i d  open ing  th rough  which t h e  

wa te r - sed iment  m i x t u r e  e n t e r e d .  The mesh m a t e r i a l  had openings  of  a  s i z e  t h a t  
p a s s e d  t h e  suspended-sediment l o a d  b u t  r e t a i n e d  t h e  bed l o a d .  Th i s  s o r t  of sam- 
p l e r  was used e x t e n s i v e l y  i n  Europe i n  t h e  1 9 3 0 ' s .  The b a s k e t  sampler  t ended  t o  

d r i f t  downstream i n  f a s t  w a t e r  and t h e n  d r a g  upstream a s  i t  s e t t l e d  i n t o  t h e  
s l o w e r  moving w a t e r  n e a r  t h e  bed.  The upstream movement sometimes scooped up 
some dormant m a t e r i a l  from t h e  s t reambed.  On t h e  o t h e r  hand, t h e  p r e s e n c e  of  
t h e  sampler  i n c r e a s e d  t h e  r e s i s t a n c e  t o  f low,  lowered t h e  v e l o c i t y  upst ream from 
t h e  sample r ,  and caused some of t h e  bed l o a d  t o  s t o p  b e f o r e  r e a c h i n g  t h e  s a m p l e r .  

The b a s k e t  sampler  made by t h e  Swiss F e d e r a l  A u t h o r i t y  f o r  Water U t i l i z a -  
t i o n  [ 7 1 ]  ( F i g .  38) i s  p robab ly  t h e  most e x t e n s i v e l y  developed of  t h i s  t y p e .  It  
c o n s i s t s  of a  p r i s m a t i c  s t e e l  f rame,  70 by 30 by 100 cm, enc losed  on t h e  t o p  and 
t h r e e  s i d e s  w i t h  s c r e e n ,  and on t h e  bottom w i t h  l o o s e l y  in te rwoven  r i n g s  of met- 
a l  s i m i l a r  t o  t h e  m a i l  f o r m e r l y  used  3 s  d e f e n s i v e  armor.  The sampler  i s  lower- 
ed i n  a  t i l t e d  p o s i t i o n  t o  keep t h e  sampler  e n t r a n c e  from d i g g i n g  i n t o  t h e  bed.  
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When t h e  sampler r e s t s  on t h e  s t ream- 
bed t h e  r i n g  mesh conforms t o  t h e  shape 
of t h e  bed. Af t e r  t he  sampler i s  r a i s -  
ed i t  i s  emptied through a  hinged f l a p  
i n  t h e  down-stream end. The Swiss Fed- 
e r a l  Au tho r i t y  found t h a t  t h e  e f f i c i e n c y  
of t h i s  sampler v a r i e d  w i th  t he  r a t e  of 
bed-load movement and t he  sampling du- 
r a t i o n .  Because baske t  samplers u s u a l l y  
have a  l a r g e  capac i t y  they a r e  s u i t a b l e  
f o r  t r a p p i n g  l a r g e  p a r t i c l e s .  

Pan-type samplers ,  which have been 
used p r i n c i p a l l y  i n  Russ ia ,  a r e  u s u a l l y  
wedge-shaped i n  l o n g i t u d i n a l  s e c t i o n .  
They a r e  p laced  on t h e  streambed w i t h  
t h e  p o i n t  of t h e  wedge c u t t i n g  t h e  cur -  
r e n t .  I n  t h e  Polyakov sampler (F ig .  39) 
t h e  bed load  moves a long  t he  top of t h e  
pan and i s  t rapped i n  t h e  t r a n s v e r s e  P IG .  38--SWISS FEDERAL AUTHORITY 

s l o t s  a t  t h e  downstream end. Because SAMPLER 

pan-type samplers cause o b s t r u c t i o n  t o  R e f e r e n c e  7 1  
stream flow, t h e i r  e f f i c i e n c y  should be 
determined by c a l i b r a t i o n .  The Polyakov 
sampler was c a l i b r a t e d  i n  a  flume i n  
which t h e  t r u e  bed-load d i s cha rge  was 
determined from t h e  amount of sediment t rapped  a t  t h e  end of t h e  flume. The low 
e f f i c i e n c y ,  r epo r t ed  by G .  I .  Shamov, [ 6 8 ]  t o  be on ly  46 pe rcen t ,  was due mainly 
t o  t h e  adverse  s l o p e  of t h e  s u r f a c e  l e ad ing  t o  t h e  catchment s e c t i o n .  Mounds of 
sediment formed on t h e  i n c l i n e d  s u r f a c e  and some sediment r o l l e d  over  t h e  mounds 
i n t o  t h e  sampler ,  bu t  o t h e r  g r a in s  r o l l e d  o f f  t o  t h e  s i d e s ,  thus reduc ing  t h e  
c a t c h .  

I n  t h e  p r e s su re -d i f f e r ence  type  sampler t h e  c r o s s  s e c t i o n  i s  expanded i n  
t h e  d i r e c t i o n  of flow t o  produce a  p r e s s u r e  drop a t  t he  e x i t .  The p r e s s u r e  drop 
compensates f o r  energy l o s s e s ,  and t hus  ob t a in s  an en t r ance  v e l o c i t y  and a  s ed i -  
ment d i s cha rge  approximately equal t o  t h a t  of t h e  undis turbed  s tream. The bed 
load d e p o s i t s  i n  t h e  expanded s e c t i o n  o r  i n  a  sc reen  bag a t t a ched  downstream. 
I f  t h e  f l a r e d  s e c t i o n  i s  long,  a  c o l l e c t i n g  sc reen  a t  t h e  e x i t  may no t  be  
neces sa ry .  

The sampler (F ig .  40) of t he  S c i e n t i f i c  Research I n s t i t u t e  of Hydrotechnics  
[68] i s  a  Russian sampler w i th  f e a t u r e s  of bo th  t h e  p r e s su re -d i f f e r ence  t ype  and 
t h e  pan t ype .  This sampler ,  somewhat s i m i l a r  t o  t h e  Polyakov des ign ,  has  a  f l a t  
pan w i t h  t r a n s v e r s e  p a r t i t i o n s  i n  t he  catchment s e c t i o n ,  but  t h e  en t r ance  i s  a t  
t h e  f r o n t  of t he  pan and t h e  c r o s s  s e c t i o n  d iverges  toward t h e  r e a r  of t h e  sam- 
p l e r .  I t s  t r a p  e f f i c i e n c y  has been r epo r t ed  by Shamov t o  be about  75  p e r c e n t .  
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The H y d r a u l i c  S t r u c t u r e s  Bureau of t h e  
Dutch Government des igned  a  p r e s s u r e - d i f f e r e n c e  
t y p e  sampler  [ 6 7 ]  f o r  which an e f f i c i e n c y  of  100 
p e r c e n t  i s  c la imed .  T h i s  d e s i g n ,  c a l l e d  t h e  
Arnhem o r  Dutch sampler  ( F i g .  41) has  a  r i g i d  
e n t r a n c e  which i s  j o i n e d  by a  rubber  s e c t i o n  t o  
a wire-mesh bag  w i t h  0.2 t o  0 . 3  mm open ings .  A 
f l a r e d  s e c t i o n  a t  t h e  rubber  c o n n e c t i o n  produces  
a  p r e s s u r e  d rop  a t  t h e  downstream end s o  t h a t  SIDE ELEVATION 

t h e  e n t r a n c e  v e l o c i t y  i s  abou t  t h e  same a s  t h a t  
of  t h e  u n d i s t u r b e d  s t ream.  The l a r g e  frame work , 
s u r r o u n d i n g  t h e  c o l l e c t i n g  a p p a r a t u s  i s  ba lanced  
i n  suspens ion  s o  t h a t  t h e  curved s u r f a c e  of t h e  
rudder  comes i n  c o n t a c t  w i t h  t h e  s t reambed b e f o r e  I 

t h e  upst ream end of t h e  sampler  touches  t h e  bed.  
I n  t h e  sampl ing  p o s i t i o n  t h e  e n t r a n c e  i s  h e l d  I 
f i r m l y  a g a i n s t  t h e  s t reambed by a  s p r i n g ,  t h e  
p r e s s u r e  of which can be a d j u s t e d  a s  r e q u i r e d .  
The moving bed m a t e r i a l  e n t e r s  t h e  mouth of t h e  FIG. 41--ARNHEM OR DUTCH 
sampler  and t h e  p a r t i c l e s  which a r e  l a r g e r  t h a n  SAMPLER 
t h e  openings  i n  t h e  wire-mesh bag a r e  c a u g h t .  A 
l o s s  c o e f f i c i e n t  f o r  t h e  f i n e r  p a r t i c l e s  can  be  Refe rence  67 
determined by c a l i b r a t i o n .  The sampler  i s  s u i t -  
a b l e  f < > r  sampl ing  be; l o a d  hav ing  a  s i z e  r a n g e  
from about  0 .15  t o  5 mm. A d i s a d v a n t a g e  of t h e  sample r  i s  t h a t  t h e  f i n e  mesh 
may become c logged ,  t h u s  r e d u c i n g  t h e  v e l o c i t y  th rough  t h e  sampler  u n t i l  i t  i s  
no longer  e q u a l  t o  t h a t  i n  t h e  s t r e a m .  

Other  e a r l y  bed- load d i s c h a r g e  sample rs  a r e  d e s c r i b e d  i n  Report  No. 2  [ 3 7 ]  
of t h i s  s e r i e s .  

28. - -S ince  1940 s e v e r a l  d i r e c t - m e a s u r i n g  
bed- load d i s c h a r g e  sample rs  have been deve loped ,  t h e  most impor tan t  of  which a r e  
improved models of t h e  e a r l y  p r e s s u r e - d i f f e r e n c e  s a m p l e r s .  

A p r e s s u r e - d i f f e r e n c e  sampler  c a l l e d  "Sphinx" ( F i g .  42) was developed a t  
t h e  H y d r a u l i c  L a b o r a t o r y  i n  D e l f t ,  N e t h e r l a n d s ,  [ 1 8 ,  831 f o r  measur ing bed-load 
d i s c h a r g e  of f i n e  sand s i z e .  The r e c t a n g u l a r  mouth of  t h e  sampler  r e s t s  on t h e  
s t reambed.  There  i s  a  r e d u c t i o n  i n  p r e s s u r e  a t  t h e  o u t l e t  end of  t h e  sampler  
body s o  t h a t  t h e  w a t e r  e n t e r s  t h e  mouth w i t h  a  v e l o c i t y  equa l  t o  t h e  s t ream ve-  
l o c i t y .  The w a t e r  p a s s e s  th rough  a  s p i r a l  t u b e  t o  t h e  t o p  of a  sampling chamber 
where t h e  v e l o c i t y  d e c r e a s e s  sudden ly ,  c a u s i n g  t h e  sediment  t o  s e t t l e  o u t .  The 
f low l e a v e s  t h e  i n s t r u m e n t  th rough  a  wide s l i t  a c r o s s  t h e  t o p  of t h e  back p l a t e .  
P a r t  of t h e  f i n e s t  f r a c t i o n  of  t h e  sediment  escapes  from t h e  i n s t r u m e n t  a l o n g  
w i t h  t h e  w a t e r .  The amount o f  t h i s  l o s s  i s  de te rmined  by  c a l i b r a t i o n .  The 
mouth p i e c e ,  which i s  p r e s s e d  t o  t h e  s t reambed by means of an a d j u s t a b l e  s p r i n g ,  
i s  s u i t a b l e  f o r  t r a p p i n g  sand of  abou t  90 microns  and c o a r s e r .  T e s t s  by Novak 
[ 6 2 ]  showed t h i s  sampler  t o  have a n  e f f i c i e n c y  of  100 p e r c e n t .  
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29. S e l e c t i o n  of a  bed-load d i s cha rge  sampler--The i d e a l  bed-load d i s -  
charge  sampler c u t s  o u t ,  o r  samples, a  d e f i n i t e  wid th  of t he  stream sediment 
t r anspo r t ed  a s  bed-load and i t  c o l l e c t s  a l l  t h e  s o l i d s  from t h i s  sampled wid th .  
Such performance can be ob ta ined  only by c a r e f u l  des ign  of t he  en t r ance  and t h e  
s e p a r a t i n g  mechanism t o  f i t  t h e  cond i t i ons  encountered i n  d i f f e r e n t  s t reams.  
The i d e a l  sampler does n o t  a l t e r  t h e  flow upstream, i t  o f f e r s  no o b s t r u c t i o n  t o  
p a r t i c l e s  approaching t h e  sampler ,  and i t  r e s t s  s ecu re ly  i n  con t ac t  w i t h  t h e  bed. 
Genera l ly  t h e  dimensions of t h e  en t r ance  w i l l  be governed by t h e  s i z e  of p a r t i -  
c l e s  i n  t h e  bed. The he igh t  of t h e  opening should be a t  l e a s t  twice  t h e  maximum 
g r a i n  s i z e ,  wh i l e  i t s  wid th  may vary  from about 100 t o  200 times t h e  average  
d iameter  of p a r t i c l e s  i n  t h e  bed. Whenever p o s s i b l e  a  sc reen  should be used f o r  
t h e  s e p a r a t i n g  mechanism but  when t h e  s t ream c a r r i e s  g r e a t  q u a n t i t i e s  of o rganic  
m a t e r i a l  t h a t  would c log  a s c r een  dur ing  t h e  sampling pe r iod ,  s e p a r a t i o n  must be 
ob ta ined  by a  l o c a l  v e l o c i t y  r educ t i on .  

The box o r  basket- type sampler i s  t h e  on ly  one which can be  used i n  moun- 
t a inous  s t reams ca r ry ing  coa r se  g r a v e l .  For given en t rance  dimensions, i t  i s  t h e  
s m a l l e s t  and t h e  l e a s t  cumbersome sampler t o  handle.  It has t h e  d i sadvantage  of 
c r e a t i n g  cons ide rab l e  back p r e s s u r e  which d e f l e c t s  t he  slow-moving bottom l a y e r s  
around t h e  sampler bu t  on ly  r e t a r d s  t h e  f a s t e r - f l owing  upper l a y e r s .  Therefore ,  
a  h igh  percentage  of t h e  f i n e  m a t e r i a l  r o l l i n g  o r  s l i d i n g  a long  t h e  bottom a t  a  
low v e l o c i t y  i s  d e f l e c t e d ,  wh i l e  t h e  same s i z e  m a t e r i a l  moving by s a l t a t i o n  a t  a  
h ighe r  v e l o c i t y  i s  more r e a d i l y  t rapped .  

The pan-type samplers seem t o  be b e s t  s u i t e d  f o r  s t reams which have compara- 
t i v e l y  smooth sand beds w i th  a  r e l a t i v e l y  slow r a t e  of bed-load d i s cha rge  a l l  of 
which t akes  p l a c e  i n  t h e  bottom l a y e r .  For sandy beds t h e  p r e s su re -d i f f e r ence  
type  of sampler seems t o  be t h e  most s a t i s f a c t o r y ,  e s p e c i a l l y  when t h e  en t r ance  
s e c t i o n  i s  small  and t h e  frame f l e x i b l e  enough t o  ensure  a  snug f i t  a g a i n s t  
i r r e g u l a r i t i e s  of t h e  bed. 

Novak concluded from t e s t s  on baske t ,  pan,and p re s su re -d i f f e r ence  t ype  bed- 
load samplers t h a t :  

a .  The e f f i c i e n c y  of a  sampler w i t h  a  t h i n  lower f r o n t  edge i n -  - 
c rea se s  s l i g h t l y  w i t h  an  i n c r e a s e  i n  p a r t i c l e  s i z e  of bed sediment 
having a  uniform s i z e .  

b .  I n  gene ra l ,  i f  t h e  lower f r o n t  edge of t h e  sampler completely - 
s i n k s  i n t o  t h e  r i v e r  bed, t h e  sampler r e t a i n s  c o r r e c t l y  t h e  m a t e r i a l  
moving a s  bed-load, except  f o r  f i n e  p a r t i c l e s  t h a t  pass  through t h e  
f i n e  mesh. 

c .  The e f f i c i e n c y  of a  sampler having a  t h i n  lower f r o n t  edge i s  - 
u s u a l l y  independent of t he  v e l o c i t y  of flow bu t  may i n c r e a s e  
s l i g h t l y  w i th  i n c r e a s e  i n  flow. 
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d .  I f  t h e  lower f r o n t  edge of t h e  sampler  p r o j e c t s  above t h e  s t ream- - 
b e d ,  t h e  e f f i c i e n c y  i s  a d v e r s e l y  a f f e c t e d ,  e s p e c i a l l y  i f  g r a i n  
d i a m e t e r s  a r e  s m a l l e r  t h a n ,  o r  e q u a l  t o ,  t h e  h e i g h t  of t h i s  edge.  
T h e r e f o r e ,  a  sampler  shou ld  have a  t h i n  s h a r p  f r o n t  edge and a  
g r a d u a l l y  s l o p i n g  i n l e t .  

e .  The sampler  must be  p l a c e d  on t h e  r i v e r  bed v e r y  c a r e f u l l y  t o  - 
a v o i d  scoop ing  up sediment  from t h e  bed .  

f .  The s i z e  of t h e  l o a d  i n  t h e  sample r  does  n o t  a f f e c t  i t s  e f f i -  - 
c i e n c y  p r o v i d i n g  n o t  more t h a n  25-30 p e r c e n t  of  i t s  c a p a c i t y  i s  
u s e d .  

g .  H y d r a u l i c  e f f i c i e n c y  i s  o n l y  a  q u a l i t a t i v e  i n d i c a t i o n  o f  sampler  
e f f i c i e n c y .  

The f i n a l  s e l e c t i o n  of t h e  b e s t  bed- load  d i s c h a r g e  sampler  f o r  t h e  p a r t i c u -  
l a r  c o n d i t i o n s  i n  a  g iven  s t ream can b e  based  o n l y  on a  thorough c a l i b r a t i o n  
t h a t  d u p l i c a t e s  a l l  c o n d i t i o n s  of t h e  r i v e r  a s  c l o s e l y  a s  p o s s i b l e .  Th i s  c a l i -  
b r a t i o n  i s  n e c e s s a r y  because  t h e  e f f i c i e n c y  of a  g i v e n  sampler  may change con- 
s i d e r a b l y  w i t h  t h e  sediment  s i z e ,  d i s c h a r g e ,  e t c .  Regard less  of t h e  t y p e  of 
sampler  t h a t  i s  u s e d ,  t h e  c a l i b r a t i o n  i s  a s  impor tan t  a s  t h e  measurements them- 
s e l v e s .  With t h e  e x c e p t i o n  of t h e  s l o t - t y p e  sample r ,  no bed- load d i s c h a r g e  sam- 
p l e r  t h a t  h a s  been des igned  i s  comple te ly  a d e q u a t e  f o r  a n y t h i n g  b u t  a  bou lder -  
o r  g r a v e l - b e d  s t r e a m  [ 2 1 ] .  

30. I n d i r e c t  measurements of bed- load d i s c h a r g e - - A c o u s t i c  and u l t r a s o n i c  
i n s t r u m e n t s  have r e c e n t l y  been developed f o r  i n d i r e c t  measurement of bed- load 
d i s c h a r g e .  F u r t h e r  development w i l l  be r e q u i r e d  b e f o r e  any of them a r e  ready  
f o r  r o u t i n e  u s e  i n  q u a n t i t a t i v e  measurements.  

One of t h e s e  i n s t r u m e n t s  known a s  t h e  hydrophonic  d e t e c t o r  i s  a n  improve- 
ment made by Braudeau (1951) [ 7 ]  a t  t h e  S e r v i c e  des  E t u d e s e t  Recherches I-ly- 
d r a u l i q u e s ,  d l E l e c t r i c i t e  de F r a n c e  of a n  e a r l i e r  d e t e c t o r  c o n s t r u c t e d  a t  
Grenoble ,  F r a n c e ,  The sound made by g r a v e l  and c o a r s e  sand s l i d i n g  o v e r ,  o r  
b e a t i n g  a g a i n s t ,  a  p l a t e  i n s t a l l e d  on t h e  s t reambed i s  p icked  up w i t h  a  micro-  
phone and t r a n s m i t t e d  t o  a  t a p e  r e c o r d e r  o r  t o  ea rphones .  The ins t rument  has  
been used t o  d e t e c t  when movement of bed m a t e r i a l  s t a r t s  and when i t  s t o p s .  1% 
a l s o  r e g i s t e r s  c o n t i n u o u s  movement of sed iment ,  and i t  c a n  b e  used i n  q u a l i t a -  
t i v e  s t u d i e s  of scour  i n  a  c r o s s  s e c t i o n .  

J u n i e t  (1952) [49], developed a n  i n s t r u m e n t  c a l l e d  L'Arenaphone,which con- 
s i s t s  of a  fo rk -shaped  rod  abou t  20 cm. long  a t t a c h e d  t o  a  t r a n s d u c e r ,  The 
whole assembly i s  s u p p o r t e d  i n  a  t r i p o d ,  s o  t h a t  t h e  f o r k e d  r o d  i s  i n s e r t e d  a  
few c e n t i m e t e r s  i n t o  t h e  s t reambed.  Moving sediment  p a r t i c l e s  c o l l i d e  w i t h  t h e  
fo rked  rod  c a u s i n g  i t  t o  v i b r a t e .  The v i b r a t i o n s  a r e  t r a n s m i r t e d  by t h e  rod t o  
t h e  t r a n s d u c e r  where a n  e l e c t r i c  c u r r e n t  i s  produced,  The c u r r e n t  i s  a m p l i f i e d  
and s u p p l i e d  t o  headphone, o s c i l l o s c o p e ,  o r  a  t a p e  r e c o r d e r .  



An ins t rument  which measures t h e  sound of i n t e r p a r t i c l e  c o l l i s i o n s  was de- 
veloped by I v i c s i c s  (1956) [ 4 8 ] .  It can  b e  suspended s e v e r a l  f e e t  above t h e  
s t reambed,  and t h u s  does n o t  d i s t u r b  normal bed movement. The ins t rument  con- 
s i s t s  of a  s t r e a m l i n e d  body which houses a  microphone t h a t  f a c e s  downward toward 
t h e  s t reambed,  s o  t h a t  on ly  sounds o r i g i n a t i n g  d i r e c t l y  below t h e  i n s t r u m e n t  a r e  
p icked  up.  The sound i s  a m p l i f i e d  and t r a n s m i t t e d  t o  an  ammeter o r  t o  head- 
phones.  The ins t rument  i n d i c a t e s  r e l a t i v e  movement of sediment i n  c r o s s  sec -  
t i o n s  and v a r i a t i o n s  of movement w i t h  t ime .  

A d e v i c e  u s i n g  h i g h  frequency ( u l t r a s o n i c )  sound waves was developed by 
Smoltczyk (1955) [69]  t o  measure bed-load d i s c h a r g e  of s t reams  having bed ma- 
t e r i a l  of f i n e  sand.  The sampler i s  a n  open-end r e c t a n g u l a r  tube  which r e s t s  on 
t h e  streambed and through which flow p a s s e s .  The i n n e r  w a l l s  of t h e  t u b e  a r e  
convex toward t h e  c e n t e r  thus  c a u s i n g  an i n c r e a s e  i n  f low v e l o c i t y .  A t r a n s -  
ducer  and a  r e f l e c t o r  a r e  housed on o p p o s i t e  s i d e s  of t h e  t u b e s .  The t r a n s d u c e r  
t r a n s m i t s  and r e c e i v e s  t h e  r e f l e c t e d  h igh- f requency  sound waves. D i f f e r e n t  
amounts of a c o u s t i c  energy a r e  absorbed by d i f f e r e n t  sediment c o n c e n t r a t i o n s .  ' 

The s i z e  d i s t r i b u t i o n  of t h e  load  must b e  known t o  measure i t s  c o n c e n t r a t i o n ;  
t h e  d i s t r i b u t i o n  i s  assumed t o  be t h e  same a s  t h a t  of t h e  bed sediment .  I t  i s  
assumed a l s o  t h a t  t h e  bed l o a d  i s  t r a n s p o r t e d  some d i s t a n c e  above t h e  bed and 
t h a t  t h e  h y d r a u l i c  and sampling e f f i c i e n c i e s  a r e  c l o s e  t o  100 p e r c e n t .  The 
a t t e n u a t i o n  i s  an  i n d i c a t i o n  of t h e  s p a t i a l  sediment c o n c e n t r a t i o n  i n  t h e  f low.  

Some o t h e r  exper imental  a p p a r a t u s  and methods f o r  measuring bed-load d i s -  
charge  a r e  a  p o r t a b l e  p i t  sampler ;  m o t i o n - p i c t u r e  a n a l y s i s  of bed-mate r ia l  move- 
ment; t r a c k i n g  of dune movement by u l t r a s o n i c  sound o r  p r e s s u r e  t r a n s d u c e r s  and 
computat ion of bed-load d i s c h a r g e  from t h e  average  dune h e i g h t  and c r e s t  ve-  
l o c i t y ;  and t h e  u s e  of n u c l e a r  t r a c e r s .  

31. De te rmina t ion  of bed-load d i s c h a r g e  by a n a l y t i c a l  methods--Measurements 
of suspended-sediment d i s c h a r g e  do n o t  i n c l u d e  t h e  bed-load d i s c h a r g e  of t h e  
s t ream.  The a v a i l a b l e  methods of measuring bed-load d i s c h a r g e  a r e  d i f f i c u l t  and 
c o s t l y ,  and o f t e n  n o t  v e r y  a c c u r a t e .  Flow n e a r  t h e  streambed normally  c o n t a i n s  
h igh  c o n c e n t r a t i o n s  and c o a r s e  p a r t i c l e s .  I n  some d e s i g n  problems t h e  d i s c h a r g e  
of the ,  c o a r s e r  s i z e s  n e a r  t h e  streambed i s  more impor tan t  than  t h e  d i s c h a r g e  of 
t h e  f i n e r  sediments  t h a t  a r e  i n  suspens ion .  

S e v e r a l  a n a l y t i c a l  methods f o r  computing t h e  d i s c h a r g e  of c o a r s e  sediment  
have been proposed;  some of t h e s e  w i l l  b e  d i s c u s s e d  b r i e f l y .  I n  g e n e r a l  t h e  
suspended-sediment d i s c h a r g e  i s  measured and bed-load d i s c h a r g e  i s  computed. 
However some a n a l y t i c a l  methods compute bed-load d i s c h a r g e  on ly  and some compute 
t h e  t o t a l  d i s c h a r g e  of sediment of given s i z e s  o r  s i z e  r a n g e s .  Whenever neces -  
s a r y ,  c o r r e c t i o n s  must be  made f o r  t h e  suspended-sediment inc luded  i n  t h e  com- 
puted d i s c h a r g e .  

The f o l l o w i n g  t h r e e  methods f o r  o b t a i n i n g  t o t a l  sediment o r  t o t a l  bed- 
m a t e r i a l  d i s c h a r g e  de te rmine  bed-load d i s c h a r g e  a s  a  p a r t  of t h e  t o t a l  sediment  



d i s c h a r g e :  The E.  A .  E i n s t e i n  method (1950) [ 2 2 ] ,  t h e  modi f ied  E i n s t e i n  proce-  
d u r e  (Colby and Hembree, 1955) [ 141, and t h e  E .  M. Laursen method (1958) [ 571. 
These methods w i l l  b e  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  38. 

A .  A .  Ka l inske ,  (1947) [ 5 1 ]  has developed an  e q u a t i o n  f o r  computation of 
bed-load d i s c h a r g e  which i s  based on c o n s i d e r a t i o n  of t h e  f o r c e s  which s t a r t  
movement of t h e  i n d i v i d u a l  sand g r a i n s  and t h e  t u r b u l e n c e  mechanism i n  t h e  flow 
above t h e  s t reambed.  A l l  of t h e  numerical  c o n s t a n t s  i n  t h e  method a r e  based on 
measurements of t h e  sediment  and h y d r a u l i c  c h a r a c t e r i s t i c s  of t h e  s t ream.  The 

bed-load d i s c h a r g e  i s  determined f o r  each of s e v e r a l  s i z e  ranges  and t h e  t o t a l  
bed- load d i s c h a r g e  i s  found by summation. R e s u l t s  of computat ions  w i t h  t h i s  
e q u a t i o n  a r e  i n  f a i r  agreement w i t h  exper imenta l  d a t a  o b t a i n e d  under  a  wide 

v a r i e t y  of f i e l d  and l a b o r a t o r y  c o n d i t i o n s .  

I ,  

Meyer-Peter and Mul le r  (1948) [ 5 9 ]  a l s o  developed a n  equa t ion  f o r  computa- 
t i o n  of bed-load d i s c h a r g e  of sediment i n  n a t u r a l  s t r e a m s .  They r e l a t e d  bed- 
l o a d  d i s c h a r g e  t o  an e f f e c t i v e  s h e a r i n g  s t r e s s  on t h e  sediment  p a r t i c l e s  on t h e  
s t reambed.  The i r  equa t ion  was d e r i v e d  from d a t a  o b t a i n e d  i n  t h e  r e g i o n  of f u l l y  
developed t u r b u l e n c e  i n  l a b o r a t o r y  flumes of v a r i o u s  s i z e s .  These t e s t s ,  which 
were made over  wide ranges  of s l o p e ,  w a t e r  dep th ,  v e l o c i t y ,  p a r t i c l e  s i z e ,  and 
s p e c i f i c  g r a v i t i e s  of sediment ,  shoved t h a t  t h e  s h e a r i n g  s t r e s s  i s  an  impor tan t  
f a c t o r  i n  bed-load t r a n s p o r t .  Bed-load d i s c h a r g e  computed by t h i s  equa t ion  was 
roughly  c o n s i s t e n t  w i t h  t h e  d i f f e r e n c e  between t o t a l  sediment  d i s c h a r g e  and 
measured suspended-sediment d i s c h a r g e  i n  t h e  Middle Loup River  a t  Dunning, 
Nebraska, [ 341 . 

One of t h e  newest and s i m p l e s t  methods of computing unmeasured sediment 
d i s c h a r g e  ( t o t a l  sediment  d i s c h a r g e  minus measured suspended-sediment d i s c h a r g e )  
i s  from a  s imple  r e l a t i o n  t o  mean s t ream v e l o c i t y ,  Colby (1957) [ 1 2 ] .  On many 
s t reams  t h e  s imple  r e l a t i o n s h i p  w i l l  g i v e  answers a s  a c c u r a t e  a s  those  from more 
e l a b o r a t e  and c o s t l y  methods. The b a s i c  parameter  i s  t h e  s t ream v e l o c i t y ,  b u t  
t h e  measured bed-ma t e r i a l  c o n c e n t r a t i o n ,  and t h e  wid th  and d e p t h  of t h e  s t ream 
c r o s s  s e c t i o n  a r e  a l s o  f a c t o r s .  

The same approach can be used f o r  bed-load d i s c h a r g e .  Even though some 
bed-load d i s c h a r g e s  f o r  a  s e c t i o n  may be computed by one of t h e  more e l a b o r a t e  
methods, t h e  d i r e c t  v e l o c i t y  r e l a t i o n  i s  v e r y  u s e f u l  f o r  i n t e r p o l a t i n g  bed-load 
d i s c h a r g e s  between t h e  t imes of t h o s e  pr imary d e t e r m i n a t i o n s .  

3 2 .  - -Bed-mater ia l  samplers  a r e  used t o  o b t a i n  sam- 
p l e s  of t h e  sediment of which t h e  streambed i s  composed. They should  no t  b e  
confused w i t h  bed-load d i s c h a r g e  samplers  which a r e  used t o  de te rmine  t h e  d i s -  
charge  of sediment a s  bed l o a d .  

Methods of measuring bed-load d i s c h a r g e  a r e  u s u a l l y  s o  c o s t l y  o r  s o  un- 
s a t i s f a c t o r y  t h a t  they  a r e  n o t  used f o r  r o u t i n e  sediment  d i s c h a r g e  measurements. 
Rather  bed-mate r ia l  samples a r e  t aken  t o  de te rmine  t h e  s i z e  d i s t r i b u t i o n  of t h e  
bed m a t e r i a l  s o  t h a t  bed- load d i s c h a r g e s  can be computed by a n a l y t i c a l  methods. 



I f  t h e  p a r t i c l e  s i z e  of t h e  bed sediment v a r i e s  e i t h e r  l a t e r a l l y  o r  a long  t h e  
s t ream,  a  l a r g e  number of bed-mater ial  samples may have t o  be taken and analyzed 

t o  determine t h e  average  s i z e  d i s t r i b u t i o n  of t he  bed sediment .  

33. Ear ly  bed-mater ia l  samplers--Samplers used t o  o b t a i n  specimens of bed 
m a t e r i a l  have been grouped i n t o  t h r e e  c l a s s e s :  drag-bucket o r  scoop, v e r t i c a l -  
p i p e  o r  c y l i n d e r ,  and c l amshe l l .  

The drag-bucket  sampler,  c o n s i s t s  
of a  weighted bucket  o r  c y l i n d e r  w i t h  
a  c u t t i n g  edge. As t h e  bucket  i s  
dragged a long  t h e  streambed, i t  scoops 
up a  l a y e r  of sediment from 112 t o  2 
i n .  t h i c k .  The sampler may have a  
weighted c e n t r a l  stem, which i s  hinged 
i n s i d e  t h e  bucket t o  tho  bottom p l a t e ,  
a s  i n  t he  s i m p l i f i e d  Rock I s l a n d  sam- 
p l e r  (F ig .  4 6 )  [ 7 0 ] .  The weight tends 
t o  coun te r ac t  t h e  upward p u l l  of t h e  
l i n e  t h a t  i s  used t o  d r eg  t h e  sampler .  
Because of exposure t o  t h e  streamflow, 
some of t he  f i n e r  m a t e r i a l  caught i n  a  
d r ag  bucket may be  l o s t  i n  t r a n s i t  t o  
t h e  water  su r f ace .  

FIG. 46--SIMPLIFIED ROCK ISLAND 
DRAG BUCKET SAMPLER 

R e f e r e n c e  70  I n  r e l a t i v e l y  shal low streams a  
scoop-type sampler (F ig .  47) [ 6 ,  751 
t h a t  i s  supported on a  long rod can 
be used from a boa t  more convenien t ly  
than  t h e  drag-bucket  sampler .  This  
scoop sampler can be  made of a  6-or 8 - i n .  s e c t i o n  of 4 - i n .  p ipe ,  one end of which 
i s  c lo sed  by a  p l a t e  and t h e  o t h e r  beveled f o r  a  c u t t i n g  edge. The sampler i s  
handled on a  12- t o  1 5 - f t  rod of 3 /4- in .  p ipe  ( i n  convenient  l e n g t h s )  a t t a c h e d  t o  
t h e  top of t h e  scoop. A hinged cover ,  which i s  he ld  c lo sed  by a  sp r ing ,  may be 
p l aced  over  t h e  c u t t i n g  end of t h e  scoop t o  prevent  t h e  sample from be ing  washed 
ou t  by t he  c u r r e n t .  A rope a t t a ched  t o  t h e  cover p l a t e  i s  used t o  open t h e  cover  
and drag  t h e  sampler a long  t h e  streambed t o  scoop up t h e  sample. 

Ve r t i c a l -p ipe  samplers i nc lude  p ipe ,  c y l i n d e r ,  and cone-shaped con t a ine r s  
which a r e  forced  i n t o  t h e  streambed o r  s e t t l e  i n t o  t h e  bed of t h e i r  own weight .  
Sampled m a t e r i a l  may be he ld  i n  t h e  con t a ine r  by check va lves  o r  by a  p a r t i a l  
vacuum. The vacuum p r i n c i p l e  i s  used i n  t h e  ope ra t i on  of t h e  v e r t i c a l  p i p e  sam- 
p l e r  shown i n  F ig .  48 [ 2 6 ] ,  Af t e r  t h e  sampler has  been forced  in to .  t h e  stream- 
bed t o  a  depth equa l  t o  t he  l eng th  of t h e  lower p ipe ,  t h e  handle  (ending i n  t h e  
cone s e c t i o n )  i s  f i l l e d  w i t h  water  and capped, thus forming a  p a r t i a l  vacuum 
when t h e  sampler i s  withdrawn. A v e r t i c a l - p i p e  sampler which must be fo r ced  
i n t o  t he  streambed i s  obviously l e s s  adap t ab l e  t o  deep than  t o  sha l low s t reams.  
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HINGE WITH 
STRONG SPRING 

, . ~ t h  cover  Refe rence  75 

FIG. 47--SCOOP TYPE BED-MATERIAL SAMPLER 

Photugraph c o u r t e s y  of Bureau 
of Reclamat ion Refe rence  6 
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The Ross c lamshel l  sampler i s  s i m i l a r  t o  t h e  c lamshel l  bucket used i n  
earth-work opera t ions .  The cupped jaws of t h e  bucket may be c losed  on reaching  
t h e  streambed, e i t h e r  by a p u l l  on an a u x i l i a r y  l i n e  o r  by an automatic  s p r i n g  
arrangement. A disadvantage of t h i s  type  i s  t h e  washing of t h e  sample a s  t h e  
buckets  c l o s e  and t h e  p o s s i b i l i t y  t h a t  l a r g e  p a r t i c l e s  may be  caught i n  t h e  jaws 
and al low some of t h e  f i n e  m a t e r i a l  t o  escape.  The automatic  s p r i n g  arrangement 
i s  used i n  t h e  Ross clamshell  sampler shown i n  F ig .  49 [ 3 2 ] .  Other e a r l y  bed- 
m a t e r i a l  samplers a r e  descr ibed  i n  Report No. 2 [ 3 7 ]  of t h i s  s e r i e s .  

F I G .  49 - -ROSS  
CUMSHELL S A W L E  R 

R e f e r e n c e  32 

PIG, 4 8 - - P I P E  S A W L E R  USED 
EN P W E R U E  VALLEY CANALS 

R e f e r e n c e  26 



34. Recent bed-material 
--The vacuum pr inc ip le  

i s  used i n  a v e r t i c a l  pipe sam- 
p l e r  which was developed recent-  
l y  by the  Agricul tura l  Research 
Service [ 3 1 ] .  The sampler shown 
i n  Figs.  50 and 51 has a 3-f t  
sampling tube wi th  interchange- 
able  9 - f t  tube (standing along 
s ide  i n  the  p i c t u r e ) .  On top 
of the  3 - f t  tube i s  the  dr iv ing 
weight (same s i z e  a s  tube) which 
i s  r a i sed  by a l i n e  and dropped 
t o  fo rce  the  tube i n t o  the  bed 
mater ia l .  A p i s ton  ins ide  the  
tube i s  held s t a t ionary  by 
another l i n e  a s  the  tube is 
driven i n t o  the  bed mater ia l ,  
thus c rea t ing  a p a r t i a l  vacuum 
which a s s i s t s  i n  holding the  
sample i n  the  tube while the 
equipment i s  being ra i sed .  
This sampler i s  designed t o  be 
s u i t a b l e  f o r  sampling sediment 
from the  bed of a r e se rvo i r  as  
well  a s  from a streambed. 

FIG. 5 0 - - A G R I C m T W L  RESEARCH SERVICE 
V E R T I U L  P I P E  B E D - W T E R U L  SAWLEW 

R e f e r e n c e  31 

3W" P I E  3' LONG 

FIG. 5 1 - - A G R I C e K T U M L  RESEARCH SERVICE VERTICAL P I P E  
BED-MATERIAL SAMPLER 

R e f e r e n c e  31 
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It i s  sometimes n e c e s s a r y  t o  know t h e  c h a r a c t e r i s t i c s  of sediment  fo rming  
t h e  s u r f a c e  of a  s t reambed.  A sampler  which w i l l  c o l l e c t  p a r t i c l e s  from t h e  
s t reambed s u r f a c e  has  been developed by J .  C .  Iqundorff [ 611. The sampler  con- 
s i s t s  o f  a  smal l  c i r c u l a r  box, 2 112 i n .  i n  d iamete r  and 314 i n .  deep,  f i l l e d  
w i t h  w h i t e  pe t ro leum j e l l y .  The box i s  a t t a c h e d  t o  a  rubber  s u c t i o n  cup o r  t o  a  
meta l  clamp f a s t e n e d  t o  a  wading rod  o r  a  sounding w e i g h t ,  ( F i g .  5 2 ) .  The 
sounding weigh t  and a t t a c h e d  d i s k  may be  lowered t o  t h e  s t reambed w i t h  a  hand 
l i n e  o r  on a  c a b l e  and r e e l  s u s p e n s i o n .  The sounding weigh t  f o r c e s  t h e  d i s k  
a g a i n s t  t h e  s t reambed,  and t h e  p a r t i c l e s  on t h e  s u r f a c e  of t h e  bed a d h e r e  t o  t h e  
pe t ro leum j e l l y .  

A s e r i e s  of new b e d - m a t e r i a l  sample r s  which a r e  b e t t e r  than  t h e  e a r l y  
cyl ix~d.er  and grab-bucket  types  have been developed by t h e  Inter-Agency Sed i -  
menta t ion  P r o j e c t .  

r - 7  I n e  p i s t o n - t y p e  hand sample r ,  US 15C.M-53 (Vigs ,  53 and 54) i s  used. t o  c:ol-- 
I.eciL samples f r o n  t h e  bed of sha l low s t r e a m s  which can  be  waded. A cyli:c~de-c 
2 i n ,  j.7:~ di.azrieter and 8 il l .  l o n g  i s  pi:ei;i;ei! . i . ~ ~ t o  tL?c s t reambed t o  incl .ose  %lie 

samp1.e. A p i s t o n  i n s i d e  t h e  cy l i r lde r  re t - . racts  a s  the sample e n t e r s ,  ii p i p t r  
exi:ension i.s i ~ s c d  a s  a  hand le  a r ~ d  t:o p r e s s  t h e  cyl. iniies i n t o  t h e  bed, A vcid 

a t t a c h e d  t o  t h e  p i s t o n  p a s s e s  th.cough t h e  I~;ri~.dlii I-o f u c i . l i t a t e  retrnctrj . l~p, [:he 
pj-sron and t o  a i d  i n  removlng t h e  sample ,  A p a r t i a l  vacuum deve lops  below t h e  

p i s t o n  and h e l p s  t o  ho ld  t h e  sample i n  t h e  c y l i n d e r ,  

Bed-mate r ia l  sampler  US BM-54, which wei.ghs 100 pounds and i s  2'--in, l o n g  
was developed t o  c o l l e c t  samples from t h e  bed of  a s t r e a m  o r  r e s e r v o i r  of  any  
d e p t h .  The sampler  ( F i g s .  55 and 56)  i s  of c a s t  s t e e l  and i s  equipped w i t h  
taFLvanes ,  When t h e  sampler  i s  suppor ted  by a  s t e e l .  c a b l e  t h e  bucke t  may b e  
cocked,  t h a t  i s ,  s e t  i n  t h e  open p o s i t i o n ,  f o r  t a k i n g  a  bed sample.  When 
t e n s i o n  on t h e  c a b l e  i s  r e l e a s e d  by r e s t i n g  t h e  sarnpl.er on t h e  s t reambed,  a  
heavy c o i l  s p r i n g  swings t h e  scoop-bucket o u t  of t h e  bot tom of t h e  sampler  body 
and snaps  i t  s h u t .  A sample i s  t aken  from t h e  top  2 i n ,  of t h e  s t reambed and 
i n c l o s e d  i n  such a  way t h a t  i t  canno t  be  washed o u t  when t h e  sampler  i s  r a i s e d  
t o  t h e  w a t e r  s u r f a c e ,  

The h a n d - l i n e  bed-mate r ia l  sample r ,  US BMH-60, i s  s i m i l a r  t o  t h e  US BM-54, 
b u t  l i g h t e r  i n  w e i g h t .  It was developed f o r  o p e r a t i o n  on a  h a n d - l i n e  s u s p e n s i o n  
a s  w e l l  a s  from a  c a b l e ,  r e e l ,  and c r a n e .  The sampler  ( P i g s .  57 and 58) i s  
a v a i l a b l e  i n  t h r e e  w e i g h t s  30, 35, and 40 pounds.  A c ross -curved  cons tan t -  
t o r q u e  s p r i n g  swings t h e  bucke t  o u t  of  t h e  sampler  body s o  t h a t  i t  scoops up  and 
comple te ly  su r rounds  a  sample of  abou t  160 c c  from t h e  t o p  2  i n .  of  t h e  s t r e a m -  
bed. 
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Bucket retracted 

Bucket exposed 

FIG. 55--BED-MATERIAL SAMPLER, US BM-54 
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S i d e  v i ew  

- 

Bottom view of  sampler body w i t h  sampl ing bucke t  
and mechanism assembly removed and shown a t  
right. 

Mechanism d i smant led  showing sampler bucke t  a t  
upper left of photo .  

FIG. 57--HAND-LINE BED-MATERIAL SAMPLER, US BMH-60 
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V. DETERMINATION OF TOTAL SEDIMENT DISCHARGE 

35. Methods of determining t o t a l  sediment d i scharge- - In  r o u t i n e  sediment 
i n v e s t i g a t i o n s  suspended-sediment d i scharge  i s  o f t e n  measured and sometimes bed- 
load d i s cha rge  i s  determined a l s o .  General ly  t h e  t o t a l  sediment d i s cha rge  of 
t h e  s t ream i s  t h e  answer a c t u a l l y  de s i r ed .  

There a r e  s e v e r a l  methods of determining t o t a l  sediment d i s cha rge  i n  a  
s t ream: 

a .  The t o t a l  load  may be suspended i n  a  t u rbu l ence  flume, a  spec i a l  - 
w e i r ,  o r  a  n a t u r a l  tu rbulence  s e c t i o n ,  so  t h a t  i t  can be sampled 
w i th  a  suspended-sediment sampler.  

b .  A p o r t i o n  of t h e  flow can be d i v e r t e d  from t h e  s t ream and analyzed - 
f o r  suspended-sediment concen t r a t i on ,  and t h e  bed load  can be t rapped 
i n  such a  way t h a t  it  can be measured. 

c .  The t o t a l  sediment d i scharge  can be computed from t h e  measured - 
suspended-sediment d i scharge ,  p lus  t he  bed-load d i s cha rge  a s  computed 
by a  t r a n s p o r t  formula based on s i z e s  of bed sediment and cha rac t e r -  
i s t i c s  of t h e  fluw. 

d. The t o t a l  sediment d i s cha rge  can be determined from measurements - 
of sediment depos i t s  i n  a  r e s e r v o i r .  

36. Turbulence flume method--A turbulence  flume c o n s i s t s  of a  s e r i e s  of 
b a f f l e s  and s i l l s  arranged t o  c r e a t e  a r t i f i c i a l  tu rbulence .  The b a f f l e s  should 
be designed s o  t h a t  a l l  t h e  sediment i s  suspended, and t h e  c a p a c i t y  of t h e  flow 
t o  t r a n s p o r t  sediment must be adequate  t o  c a r r y  i n  suspension t h e  q u a n t i t y  of 
sediment a v a i l a b l e  f o r  t r a n s p o r t .  Under f avo rab l e  coridi t ions a  t u rbu l ence  flume 
can be used t o  suspend t h e  t o t a l  sediment load s o  t h a t  i t  can be sampled w i th  a  
suspended-sediment sampler.  

Such a  flume was used i n  an  experimental  s tudy  of t h e  r e l a t i o n  of suspended- 
sediment and bed-load d ischarge  on t he  Middle Loup River a t  Dunning, Nebraska, 
where t h e  sediment t r a n s p o r t  c o n s i s t s  p r i n c i p a l l y  of medium t o  f i n e  sand,  
Benedict ,  Alber t son ,  l fa tejka (1955) [ 4 ] .  

The flume (F ig .  59) was cons t ruc ted  i n  a  b r idge  opening. It c o n s i s t s  of a  
r e in fo rced  conc re t e  s l a b  82 f t  wide and 38 f t  long and an end s i l l  t h a t  was de- 
s igned t o  produce a ' r e v e r s e  r o l l e r  t o  prevent  scour  of t h e  streambed immediately 
downstream. The turbulence  i s  produced by b a f f l e  p l a t e s  2 f t  long  w i t h  a  
l a t e r a l  spac ing  of 6 f t ,  arranged i n  9 rows w i th  a l o n g i t u d i n a l  spac ing  of 2  f t  
c en t e r  t o  c e n t e r ,  and a  permanent continuous b a f f l e  0 . 5  f t  h igh  and 2 f t  down- 
stream from t h e  l a s t  row of b a f f l e  p l a t e s .  A wooden measuring s i l l ,  0 .5  f t  h igh  
by 1 .33  f t  wide, i s  l oca t ed  2.33 f t  downstream from t h e  cont inuous b a f f l e  and 
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6 f t  upstream from t h e  end s i l l .  The 2 - f t  wide b a f f l e  p l a t e s  a r e  ga lvanized  
s t e e l  s h e e t s  supported by two s t e e l  rods i n s e r t e d  i n  p ipe  socke t s  embedded i n  
t h e  conc re t e  s l a b .  The f i r s t  two rows a r e  1 .5  f t  h igh ;  t h e  o t h e r  seven rows a r e  
1 . 0  f t  h igh .  The conc re t e  s l a b ,  which i s  t h e  f l o o r  of t h e  flume, i s  supported 
a t  each end by i n t e r l o c k i n g  s h e e t - s t e e l  p i l i n g  d r iven  t o  a  depth  of 10 f t .  The 
top  of t he  s l a b  i s  j u s t  below the  average  e l e v a t i o n  of t h e  streambed a t  a  d i s -  
charge  of approximately 400 cu f t  per  s ec .  

I n  t h e  tu rbulence  flume, samples a r e  c o l l e c t e d  w i th  a  d e p t h - i n t e g r a t i n g  
sampler a t  r e p r e s e n t a t i v e  p o i n t s  i n  t h e  c r o s s  s e c t i o n  a t  t h e  measuring s i l l .  
The sampler i s  he ld  i n  p o s i t i o n  by a  guide arrangement so  t h a t  t h e  i n t a k e  nozz l e  
remains h o r i z o n t a l  and comes t o  r e s t  momentarily on t h e  measuring s i l l  when t h e  
d i r e c t i o n  of t r a n s i t  i s  r eve r sed .  The measuring s i l l  a l lows  a s t anda rd  sediment 
sampler t o  i n t e g r a t e  t h e  suspended-sediment load throughout t h e  e n t i r e  depth  of 
f low.  Samples thus  ob ta ined  r e p r e s e n t  t he  t o t a l  sediment d i s cha rge  i n  t h e  
s t ream.  

The turbulence  flume i s  a  s a t i s f a c t o r y  way t o  measure t o t a l  sediment d i s -  
charge .  Sometimes t h e  same genera l  purpose can be  ob ta ined  by sampling through 
t h e  nappe of a  we i r ,  o r  by sampling a t  a  n a t u r a l l y  c o n s t r i c t e d  s e c t i o n  t h a t  
suspends n e a r l y  a l l  of t h e  sediment load  [14 ,  581. 

37.  Spec i a l  we i r  f o r  sediment measurement--In connec t ion  w i th  small  water -  
shed r e sea rch  s t u d i e s ,  t h e  Tennessee Valley Au tho r i t y  has i n s t a l l e d  au tomat ic  
suspended-sediment samplers  (F igs .  60 and 61) f o r  t h e  measurement of t o t a l  d i s -  
charge  [ 7 2 ] .  Each sampler i s  cons t ruc t ed  i n  conjunc t ion  w i t h  a  modif ied Albany 
we i r  and,  by a  s e r i e s  of s t e p s ,  cont inuous ly  d i v e r t s  1/100,000 of t h e  flow i n t o  
a  measuring tank .  A primary sample of 1/100 of t h e  t o t a l  flow i s  t aken  from t h e  
measuring we i r .  A t  t h e  next  s p l i t t i n g  p o i n t ,  1/10 of t h i s  reduced f low i s  r e -  
t a i n e d ,  and t h i s  i s  fol lowed by another  d i v i d e r  which t a k e s  112 of t h e  remainder.  
The sample then goes t o  a  t i p p i n g  bucket  dev ice  where t h e  f i n a l  s p l i t t i n g  r e -  
t a i n s  1 /50  of t h e  flow a s  a  f i n a l  sample t h a t  flows i n t o  t h e  s t o r a g e  tank .  The 
volume of coa r se  sediment depos i ted  i n  t h e  ba s in  j u s t  upstream from t h e  w e i r ,  
i s  measured a t  r e g u l a r  i n t e r v a l s  by c r o s s  s e c t i o n i n g  and t h e  coa r se  sediment 
d i s cha rge  i s  added t o  t h a t  from t h e  s t o r a g e  tank.  The b a s i n  i s  c leaned  o u t  
p e r i o d i c a l l y  w i th  a  d r a g l i n e .  J u s t  be fo re  c l ean ing ,  samples of t h e  depos i t ed  
sediment a r e  taken and analyzed f o r  d e n s i t y  and p a r t i c l e  s i z e .  

Another type  of sampler,  t h e  Coshocton-Type Runoff Sampler [64]  developed 
by t h e  S o i l  Conservat ion Se rv i ce ,  s p l i t s  o f f  a  f r a c t i o n  of t h e  s t ream d i scha rge .  
This  sampler i s  used t o  measure sediment product ion  from r e l a t i v e l y  smal l  
watersheds .  

38. -Perhaps t h e  
most usua l  way of o b t a i n i n g  t he  t o t a l  sediment d i scharge  of a  s t ream i s  by add- 
i n g  t h e  measured suspended-sediment d i s cha rge  t o  a  bed-load d i s cha rge  t h a t  i s  
measured i n d i r e c t l y  o r  t h a t  i s  ob ta ined  by a n a l y t i c a l  methods. The main 







problems a r e  t h e  unsampled zone f o r  suspended-sediment,  s e l e c t i o n  of t h e  b e s t  
a n a l y t i c a l  method f o r  computing bed-load d i s cha rge ,  and adjustment  o r  c o r r e c t i o n  
of t h e  computed d ischarges  so  t h a t  they r e p r e s e n t  t h e  t o t a l  sediment load  bu t  
wi thout  ove r l ap  of t h e  suspended-sediment and bed-load d i s cha rges .  These prob- 
lems were d i s cus sed  under t h e  s e c t i o n s  on t h e  de t e rmina t i on  of t h e  suspended- 
sediment and bed-load d i s cha rges .  

Some of t h e  l e ad ing  procedures  f o r  de te rmin ing  t o t a l  suspended-sediment 
d i s cha rge  a r e  t h e  E i n s t e i n  method, t h e  modified E i n s t e i n  procedure,  and t h e  
Laursen method. 

I n  t h e  E i n s t e i n  method (1950) [22 ]  t h e  d i s cha rge  of each of s e v e r a l  s i z e  
ranges of sediment found i n  t h e  streambed i s  computed s e p a r a t e l y .  The method 
does no t  apply t o  sediment p a r t i c l e s  smal le r  than  0.125 mm. The sum of t h e  
computed d i s cha rge  and t h e  measured suspended-sediment d i s cha rge  of p a r t i c l e s  
f i n e r  than 0.125 mm i s  assumed t o  be t h e  t o t a l  f o r  t h e  s t ream a t  t h e  c r o s s  
s e c t i o n  i n  ques t i on .  

The procedure f o r  computing t h e  sediment d i s cha rge  involves  an  i n t e g r a t i o n  
of t h e  product of t h e  t h e o r e t i c a l  v e l o c i t y  and t h e  suspended-sediment concentra-  
t i o n  a long  r e p r e s e n t a t i v e  v e r t i c a l s  i n  a  s t ream c r o s s  s e c t i o n  i n  a  long r each  of 
f a i r l y  uniform channel .  The suspended-sediment concen t r a t i on  a t  t h e  top of t he  
bed l a y e r  i s  equated t o  t h e  computed concen t r a t i on  of sediment i n  a  bed-load 
l a y e r  which i s  assumed t o  be 2 g r a i n  d iameters  t h i c k .  The concen t r a t i on  and t h e  
r a t e  of movement of p a r t i c l e s  i n  each s i z e  range p r e s e n t  i n  t h e  bed-load l a y e r  
a r e  based on t h e  mathematical  p r o b a b i l i t y  t h a t  a given p a r t i c l e  w i l l  move from 
i t s  p o s i t i o n  i n  t h e  streambed. The wa te r - su r f ace  s l o p e  (assumed t o  be equal  t o  
t h e  energy g r a d i e n t ) ,  t h e  average p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  t he  streambed, 
and t h e  average c r o s s  s e c t i o n  f o r  a  long reach  of t h e  s t ream channel a r e  used 
i n  t he  computat ions.  The method uses  s e v e r a l  formulas  and graphs which a r e  
based on both t h e o r e t i c a l  cons ide ra t i ons  and experimental  f i nd ings .  The pro- 
cedure i s  complex and t ed ious  and involves  many v a r i a b l e s ,  S i z e  d i s t r i b u t i o n s  
computed by t h i s  method do not  compare favorab ly  w i t h  t hose  from a c t u a l  samples. 

The modified E i n s t e i n  procedure,  Colby and Hembree (1955) [14 ] ,  d i f f e r s  
from t h e  o r i g i n a l  E i n s t e i n  procedure i n  s e v e r a l  r e s p e c t s .  I t  i s  based on 
measurements of bed-mater ia l  s i z e s ,  suspended sediment ,  v e l o c i t y ,  dep th ,  and 
wid th  a t  a  s i n g l e  c r o s s  s e c t i o n  of a  s t ream. 

I n  t h e  modif ied procedure,  t h e  t o t a l  d i s cha rge  of a l l  p a r t i c l e  s i z e s  i s  
computed r a t h e r  than  only  t h e  d i s cha rge  f o r  t h e  c o a r s e r  s i z e s .  Computations 
a r e  made f o r  s e v e r a l  ranges of p a r t i c l e  s i z e ,  bu t  d i f f e r e n t  methods of com- 
p u t a t i o c  a r e  used f o r  t h e  sma l l e r  p a r t i c l e  s i z e s  than  f o r  t h e  l a r g e r  s i z e s .  

The d i s cha rge  r a t e  f o r  each range of t h e  small  p a r t i c l e  s i z e s  i s  computed 
by apply ing  a  c o r r e c t i o n  f a c t o r  t o  t h e  suspended-sediment d i s cha rge  observed i n  
t h e  sampled zone. The c o r r e c t i o n  f ac to r ,wh ich  i s  t h e  r a t i o  of t h e o r e t i c a l  



S e c t i o n  38 111 

t o t a l  suspended-sediment  d i s c h a r g e  i n  a  s i z e  r a n g e  t o  t h e  suspended-sediment 
d i s c h a r g e  of t h e  same p a r t i c l e  s i z e  i n  t h e  sampled zone, i s  o b t a i n e d  by d i v i d i n g  
t h e  i n t e g r a t e d  p r o d u c t s  of  t h e o r e t i c a l  v e l o c i t y  and t h e o r e t i c a l  c o n c e n t r a t i o n  

between t h e  s t ream s u r f a c e  and t h e  t o p  of t h e  bed l a y e r  by s i m i l a r  i n t e g r a t e d  
p r o d u c t s  from t h e  s t ream s u r f a c e  t o  t h e  lower l i m i t  of t h e  sampled zone. 

The t o t a l  sediment  d i s c h a r g e  i n  t h e  s i z e  r a n g e s  of  t h e  l a r g e r  p a r t i c l e s  i s  
computed a b o u t  a s  e x p l a i n e d  by E i n s t e i n  except  t h a t  d i f f e r e n t  methods of compu- 
t a t i o n  a r e  used  f o r  t h e  s h e a r  v e l o c i t y  w i t h  r e s p e c t  t o  t h e  sediment  p a r t i c l e s ,  
t h e  e x p o n e n t i a l  measure Z of  t h e  i n c r e a s e  i n  sediment  d i s c h a r g e  w i t h  d e p t h ,  and 
t h e  i n t e n s i t y  of bed- load t r a n s p o r t .  The s h e a r  v e l o c i t y  i s  computed from a  
t r a n s p o s e d  form of  t h e  e q u a t i o n  used  by E i n s t e i n  and u t i l i z e s  t h e  measured a v e r -  
a g e  s t ream v e l o c i t y .  The exponent Z i n  t h e  c o n c e n t r a t i o n  d i s t r i b u t i o n  e q u a t i o n ,  
t h e  suspended-sediment  d i s c h a r g e  of a  g i v e n  s i z e  f r a c t i o n  moving th rough  a  c r o s s  
s e c t i o n ,  and t h e  t o t a l  suspended-sediment d i s c h a r g e  a t  t h e  c r o s s  s e c t i o n  a r e  
computed by formulas  which a r e  m o d i f i c a t i o n s  of t h o s e  proposed by E i n s t e i n .  The 
modif ied p r o c e d u r e  r e q u i r e s  t h a t  a l l  of  t h e  suspended sediment  p a s s i n g  t h e  sec -  
t i o n  be  measured t o  w i t h i n  a  s h o r t  d i s t a n c e  from t h e  bed of  t h e  s t ream.  Meas- 
u r e d  sediment  d i s c h a r g e  of one o r  more s i z e  r a n g e s  i s  used  a s  t h e  b a s i s  f o r  
p a r t l y  t h e o r e t i c a l  e x t r a p o l a t i o n s  t h a t  i n d i c a t e  t o t a l  sediment  d i s c h a r g e  of  t h e  
l a r g e r  sediment  p a r t i c l e s .  Any wash l o a d  which may b e  found i n  t h e  sampled zone 
i s  a u t o m a t i c a l l y  i n c l u d e d  i n  t h e  t o t a l  l o a d  whereas  i t  i s  n o t  i n c l u d e d  i n  t h e  
o r i g i n a l  E i n s t e i n  p rocedure .  

Colby and Hubbe l l  (1961) [ 1 5 ]  have  s i m p l i f i e d  t h e  computa t ion  of  t o t a l  

sediment  d i s c h a r g e  and approximate  p a r t i c l e  s i z e  d i s t r i b u t i o n  w i t h  t h e  modi f i ed  
E i n s t e i n  p r o c e d u r e  by p r o v i d i n g  s e v e r a l  graphs  f o r  d e t e r m i n i n g  t h e  unknown func-  
t i o n s ,  The p r o c e d u r e  r e q u i r e s  t h e  f o l l o w i n g  b a s i c  d a t a  and i n f o r m a t i o n :  Sam- 
p l e s  of bed m a t e r i a l ,  d e p t h - i n t e g r a t e d  suspended-sediment  samples ,  s t r eamf low 
measurements,  and w a t e r  t empera tu re  o b t a i n e d  a t  t h e  c r o s s  s e c t i o n  of  a  s t r eam 
under  s t u d y .  The u s e  of nomographs a p p r e c i a b l y  s i m p l i f i e s  major  s t e p s  i n  t h e  
computat ion.  D r a f t i n g  d i v i d e r s  can  be  used t o  m u l t i p l y  and d i v i d e  v a l u e s  on 
t h e  l o g a r i t h m i c  s c a l e s  of t h e  graphs  by add ing  and s u b t r a c t i n g  d i s t a n c e s  t h a t  
r e p r e s e n t  t h e  l o g a r i t h m s  of v a r i o u s  f u n c t i o n s ,  The d i s c h a r g e  of f i n e  and c o a r s e  
sediment  i s  de te rmined  s e p a r a t e l y  f o r  each s i z e  r a n g e  of t h e  t r a n s p o r t e d  s e d i -  
ment and t h e  t o t a l  sediment  d i s c h a r g e  i s  o b t a i n e d  by a d d i n g  a l l  of t h e s e .  The 
p a r t i c l e  s i z e  d i s t r i b u t i o n  can be  determined from t h e  d i s c h a r g e  of t h e  d i f f e r e n t  
s i z e  ranges  of  p a r t i c l e s .  

The method d e v i s e d  by E .  M. Laursen (1958) [ 5 7 ]  d e t e r m i n e s  bed-mate r ia l  
c o n c e n t r a t i o n  from p a r t i c l e  d iamete r  and flow d e p t h ,  t h e  r a t i o  of s h e a r  v e l o c i t y  
t o  f a l l  v e l o c i t y ,  c o n s i d e r a t i o n s  of c r i t i c a l  s h e a r  and s h e a r  on t h e  p a r t i c l e ,  
and t h e  Weisbach r e s i s t a n c e  c o e f f i c i e n t .  

A program t o  compute, by t h e  modi f i ed  E i n s t e i n  p rocedure ,  t o t a l  sediment  
d i s c h a r g e  f o r  a n  a l l u v i a l  s t r eam t r a n s p o r t i n g  p r i m a r i l y  sand l o a d s  h a s  been 

developed by t h e  Bureau of Reclamat ion f o r  a n  e l e c t r o n i c  d i g i t a l  computer [ 8 0 ] .  
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39. Sediment d i scharge  determined from depos i t s  i n  reservoi rs - -The  t o t a l  
sediment d i scharge  of a  s t ream du r ing  a  long per iod  of t ime can be es t imated  
from t h e  volume of sediment depos i t ed  i n  a  r e s e r v o i r  t o  which t he  s t ream con- 
t r i b u t e s  i t s  flow dur ing  t h e  pe r iod .  The volume of accumulated sediment i s  de- 
termined by surveys ,  and t he  s p e c i f i c  weight of t he  sediment i n  p l ace  i s  de- 
termined o r  computed. Sometimes t h e  sediment d i scharge  o r  y i e l d  determined 
from r e s e r v o i r  surveys i s  more a c c u r a t e  than a  de te rmina t ion  based on suspended- 
sediment samples. I f  t h e  r e t e n t i o n  time f o r  t h e  r e s e r v o i r  i s  s o  s h o r t  t h a t  a l l  
t h e  sediment i s  no t  depos i t ed ,  t h e  q u a n t i t y  l o s t  i n  t he  outf low should be measu- 
ured  o r  es t imated .  

40 .  Measurement of sediment d e p o s i t s  i n  reservoi rs - -Surveys  of sediment 
d e p o s i t s ,  o r  of reaches i n  which d e p o s i t s  a r e  t o  be measured l a t e r ,  a r e  made by 
t a k i n g  c r o s s  s e c t i o n s  of t h e  a r ea  a t  spacings s u f f i c i e n t l y  c l o s e  t o  f u r n i s h  da t a  
f o r  a  topographic map of t h e  bed o r  t o  permit  computation of t h e  volume of de- 
p o s i t  d i r e c t l y .  E leva t ions  may be taken by d i r e c t  surveying  methods above t h e  
w a t e r ,  and by soundings i n  submerged a r e a s .  Surveys should be  r e f e r enced  t o  
permanent monuments . 

Soundings a r e  made from a  boa t  t h a t  moves from one bank t o  t h e  o t h e r  a long  
a  c r o s s  s e c t i o n  range l i n e .  The boa t  i s  kep t  on l i n e  by d i r e c t  obse rva t i on  of 
l i n e  markers on shore ,  by r a d i o  o r  hand s i g n a l s  from an a s s i s t a n t  w i t h  an en- 
g i n e e r ' s  t r a n s i t  s e t  on l i n e  on t h e  bank, o r  by fo l lowing  a  w i r e  s t r e t c h e d  a long  
t h e  range l i n e .  

Soundings a r e  o r i e n t e d  l a t e r a l l y  by measurements of d i s t a n c e  from a  r e f e r -  
ence p o i n t  on shore .  Dis tance  may be measured by s t a d i a  o r  s e x t a n t ,  o r  by r a d i o  
equipment f o r  very  long ranges .  Also a  s t e e l  piano w i r e  w i th  d i s t a n c e  markers 
on i t  may be used f o r  d i s t a n c e s  up t o  3,000 o r  4,000 f t .  The d i s t a n c e s  a r e  
measured by a device  through which t h e  w i r e  passes  a s  t h e  boat  moves a long ,  and 
they  a r e  checked from t h e  markers t h a t  a r e  s e t  a t  f i x e d  i n t e r v a l s  on t h e  w i r e .  

I n  t h e  p a s t ,  soundings f o r  streambed e l e v a t i o n  were made w i t h  a  sounding 
p o l e  o r  a  sounding l i n e .  Now echo sounding devices  a r e  used on many surveys 
[ 2 7 ] .  A t ransducer  mounted over  t h e  s i d e  of t h e  survey boat  o r  i n s t a l l e d  i n  t h e  
boa t  h u l l  sends o u t  sound waves which a r e  r e f l e c t e d  back from t h e  top  s u r f a c e  of 
t h e  sediment d e p o s i t  o r  s t ream bottom. The r e f l e c t e d  sound wave i s  picked up on 
t h e  same, o r  a  second, t r ansduce r .  The time of t r a v e l  t o  t h e  streambed and r e -  
t u r n  i s  shown a s  s t ream depth by a  t r a c e  on a  r eco rde r  c h a r t .  Frequent ly  t h e  
echo sounder w i l l  show a  t r a c e  f o r  t h e  o r i g i n a l  streambed and another  f o r  t h e  
top of a  sediment d e p o s i t .  A m u l t i p l e  t r a c e  i s  l i k e l y  t o  be recorded whenever 
t h e r e  i s  a d i s t i n c t  change i n  t he  p a r t i c l e  s i z e  o r  t h e  conso l ida t i on  of sediment 
on t h e  streambed. Echo soundings can be made i n  s t reams t h a t  a r e  too  deep and 
t oo  s w i f t  f o r  u se  of a  sounding p o l e  o r  sounding l i n e .  

Methods of measuring sediment depos i t s  i n  r e s e r v o i r s  a r e  expla ined  i n  de- 
t a i l  i n  s e v e r a l  pub l i ca t i ons  [ 8 ,  27, 29, 7 7 ,  811. 
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41.  De te rmina t ion  of  s p e c i f i c  we igh t  of sediment  depos i t s - -The  volume of  
sediment  d i s c h a r g e d  by a  s t r eam i n  a  g iven  p e r i o d  of  t ime i s  a  measure o f  t h e  
t o t a l  sediment  d i s c h a r g e ,  o r  sediment  y i e l d ,  b u t  u s u a l l y  t h e  d i s c h a r g e  i s  de- 
s i r e d  i n  terms of  w e i g b t .  The s p e c i f i c  we igh t  of a  sediment  d e p o s i t  i s  t h e  d r y  

weigh t  of sediment  p e r  u n i t  volume of sediment  i n  p l a c e ,  and t h i s  i s  a  s imple  
and d i r e c t  e x p r e s s i o n  f o r  c o n v e r t i n g  volume t o  d r y  we igh t  of sed iment .  

The s p e c i f i c  we igh t  of  a  sediment  d e p o s i t  depends p r i m a r i l y  on t h e  p a r t i c l e  
s i z e  of t h e  sediment  [ 4 2 ] .  However, f o r  a  m i x t u r e  of sediment  s i z e s  t h e  s o r t i n g  
of t h e  s i z e s  a l s o  h a s  a n  e f f e c t .  Sediments c o n s o l i d a t e  w i t h  t ime ,  i n  r e s p o n s e  
t o  overburden p r e s s u r e s ,  and a s  a  r e s u l t  of  a l t e r n a t e  w e t t i n g  and d r y i n g  i f  ex- 
posed t o  t h e  a tmosphere  by changes i n  w a t e r  s u r f a c e  e l e v a t i o n .  The i m p o r t a n t  
p o i n t  f o r  t h i s  d i s c u s s i o n  i s  t h a t  t h e  s p e c i f i c  w e i g h t s  can  v a r y  from 1 0  t o  120 
l b s  p e r  cu f t .  Although t h e r e  a r e  formulas  and t a b l e s  f o r  e s t i m a t i n g  t h e  spe-  
c i f  i c  we igh t  of sediment  d e p o s i t s  t h e  e s t i m a t e s  a r e  n o t  v e r y  r e l i a b l e .  

I n  t h e  p a s t ,  v a r i o u s  methods of  removing a n  "und is tu rbed"  volume of  t h e  
sediment  from a  r e s e r v o i r  d e p o s i t  have been u s e d .  Samples were  t a k e n  w i t h  t h i n -  
w a l l e d  boxes o r  t u b e s  t h a t  were  t h r u s t  i n t o  t h e  s u r f a c e  of t h e  sediment  and w i t h  
c o r e  samplers  t h a t  cou ld  p e n e t r a t e  s e v e r a l  f e e t  i n t o  t h e  sediment  d e p o s i t .  The 
sample  was l a t e r  d r i e d  and weighed i n  t h e  l a b o r a t o r y .  The sampling methods were  
l a b o r i o u s  and t h e  r e s u l t s  were  o f t e n  u n s a t i s f a c t o r y .  

Nuclear  d e n s i t y  p robes  a r e  a  newer means of  measur ing i n - p l a c e  d e n s i t y  of  
sed iment  d e p o s i t s  under  w a t e r .  The f i r s t  p r a c t i c a l  i n - p l a c e  sediment  d e n s i t y  
p robe  was developed by t h e  Bureau of Reclamat ion [ 7 3 ] .  It u s e d  gamma r a y  s c a t -  
t e r i n g  from a c o b a l t  60 s o u r c e  enc losed  i n  a  m e t a l  t u b e  t h a t  cou ld  be  lowered 
i n t o  t h e  sediment  d e p o s i t .  A s e l f - r e a d i n g  i o n i z a t i o n  chamber ( d o s i m e t e r )  was 
enc losed  i n  t h e  tube  b u t  i t  was s e p a r a t e d  from t h e  c o b a l t  s o u r c e  by a l e a d  
s h i e l d .  To make a  d e n s i t y  measurement, t h e  dos imete r  i s  removed from t h e  p , ~ b e ,  
charged ,  r e a d ,  and r e p l a c e d  i n  t h e  p robe .  The p robe  i s  t h e n  lowered i n t o  t h e  
sed iment .  A f t e r  a  t imed i n t e r v a l  t h e  p robe  i s  r a i s e d  t o  t h e  s u r f a c e  and t h e  
d o s i m e t e r  i s  removed and r e a d  a g a i n .  The d i f f e r e n c e  i n  t h e  two r e a d i n g s  i s  a  
measure  of  t h e  d e n s i t y  o f  t h e  wa te r - sed iment  m i x t u r e  i n  t h e  immediate v i c i n i t y  
of  t h e  p robe  d u r i n g  t h e  t e s t .  By c a l i b r a t i o n  t h e  dos imete r  r e a d i n g s  a r e  r e l a t e d  
t o  t h e  m i x t u r e  d e n s i t y .  The d e n s i t y  can be  conver ted  t o  s p e c i f i c  we igh t  of  t h e  
sediment  by u s i n g  t h e  s p e c i f i c  g r a v i t y  of  t h e  sed iment .  The development of  t h i s  
p robe  was a  b i g  advance i n  t h e  measurement of d e n s i t i e s  of sediment  d e p o s i t s .  

An improved n u c l e a r  p robe  f o r  d e t e r m i n i n g  sediment  d e n s i t y  was developed by 

T e c h n i c a l  Opera t ions  I n c o r p o r a t e d  under  c o n t r a c t  w i t h  t h e  Beach "-osion Board, 
Corps o f  Eng ineers  [ 9 ] .  The probe  c o n s i s t s  of a  gamma r a y  s o u r c e  of  3 m i l l i -  
c u r r i e s  of radium i n s t a l l e d  i n  a  s t a i n l e s s  s t e e l  t u b e .  R a d i a t i o n  c o u n t s  a r e  ob- 
t a i n e d  from t h r e e  Ge iger  c o u n t e r  t u b e s ,  which a r e  s h i e l d e d  from t h e  s o u r c e  t o  
p r e v e n t  c o u n t i n g  of d i r e c t  r a d i a t i o n s .  A p r e a m p l i f i e r  sends  t h e  coun t  p u l s e s  
back th rough  a  c o a x i a l  c a b l e  t o  t h e  c o u n t e r .  The components a r e  c o n t a i n e d  i n  a  
s t a i n l e s s - s t e e l  t u b e ,  2 f t  long  and 1 . 5  i n .  i n  d i a m e t e r .  The p robe ,  which 



114 S e c t i o n  42 

weighs 1 2 . 5  pounds,  may b e  suspended on a  s t e e l  c a b l e  and a d d i t i o n a l  we igh t  may 
be  a t t a c h e d  t o  a i d  i n  f o r c i n g  t h e  p robe  i n t o  sediment  d e p o s i t s .  For  s h a l l o w  
d e p t h s  t h e  probe can  be a t t a c h e d  t o  1 . 5 - i n .  aluminum p i p e  and pushed down i n t o  
t h e  sed iment .  Measurements can  b e  made o n l y  i n  sed iments  i n t o  which t h e  p robe  
can p e n e t r a t e .  

A s c a l e r  t o  coun t  t h e  number of impulses  from t h e  probe was deve loped  by 
t h e  Nuc lea r  Chicago Corpora t ion  f o r  t h e  Ohio R i v e r  D i v i s i o n  Labora to ry ,  Army 
Corps of  E n g i n e e r s .  Th i s  i s  t h e  Model 2800 P o r t a b l e  S c a l e r  used i n  s t u d i e s  o f  
s o i l  m o i s t u r e .  Other  s c a l e r s  can  be  used a l s o .  

The i n s t r u m e n t  o p e r a t e s  on t h e  p r i n c i p l e  t h a t  t h e  amount of s c a t t e r  and ad-  
s o r p t i o n  of gamma r a y s  i s  a  f u n c t i o n  o f  t h e  d e n s i t y  of  t h e  medium th rough  which 
t h e  r a y s  p a s s .  The r e a d i n g s  i n d i c a t e  t h e  a v e r a g e  d e n s i t y  of m a t e r i a l  i n  a  
s p h e r i c a l  r e g i o n  abou t  16  i n .  i n  d i a m e t e r  around t h e  s o u r c e  and d e t e c t o r s .  Spe- 
c i f i c  w e i g h t s  can  b e  de te rmined  from a  c a l i b r a t i o n  t h a t  r e l a t e s  number o f  c o u n t s  
p e r  minu te  t o  known d e n s i t i e s  of wa te r - sed iment  m i x t u r e s .  I n  l a b o r a t o r y  t e s t s  
by t h e  Beach E r o s i o n  Board t h e  probe s a t i s f a c t o r i l y  de te rmined  t h e  s p e c i f i c  
w e i g h t s  of  sed iments  i n  a n  a r e a  immediate ly  s u r r o u n d i n g  t h e  p robe .  

The p robe  i s  a n  a c c u r a t e  and p r a c t i c a l  i n s t r u m e n t  f o r  measur ing i n - p l a c e  
b u l k - d e n s i t i e s  of  s a t u r a t e d  s e d i m e n t s .  The c o s t  p e r  measurement i s  l e s s  and t h e  
r e s u l t s  a r e  more a c c u r a t e  t h a n  f o r  o l d e r  methods.  Sediments  a r e  l e s s  d i s t u r b e d  
by p l a c i n g  t h e  probe t h a n  by d r i v i n g  a  sampling t u b e .  F i e l d  t e s t s  by t h e  Agr i -  
c u l t u r a l  Research S e r v i c e  i n  sediment  d e p o s i t s  i n  Sabetha Lake [ 3 0 ]  and by t h e  
Army Corps of  Eng ineers  i n  San F r a n c i s c o  h a r b o r  a r e a s  [ 7 h ]  proved t h e  p r o b e  t o  
be  s a t i s f a c t o r y  i n  f i e l d  sampl ing .  Readings were  t a k e n  a t  s e v e r a l  d e p t h s  w i t h  
one i n s e r t i o n  of  t h e  p robe .  The r e s u l t s  were  more r a p i d l y  a v a i l a b l e  t h a n  f o r  
c o n v e n t i o n a l  methods of  sampling and l a b o r a t o r y  a n a l y s i s .  

42 .  Sediment d e p o s i t  problems--Some a s p e c t s  of  sediment  d e p o s i t s  and t h e  
measurement of  sediment  d e p o s i t s  a r e  o u t s i d e  t h e  immediate f i e l d  of  t h e  d e t e r m i -  
n a t i o n  of f l u v i a l  sediment  d i s c h a r g e ,  b u t  a r e  s o  c l o s e l y  r e l a t e d  t h a t  t h e y  
j u s t i f y  ment ion h e r e .  

F l u v i a l  sed iments  o f t e n  d e p o s i t  i n  s l a c k  w a t e r  a r e a s  o r  where v e l o c i t i e s  
a r e  r e t a r d e d ,  a s  a t  n a t u r a l  r i v e r  bends,  on f l o o d  p l a i n s ,  a t  r e g u l a t i n g  s t r u c -  
t u r e s ,  r e s e r v o i r s ,  b r i d g e s ,  i n t a k e s ,  e s t u a r i e s ,  and h a r b o r s .  I n  g e n e r a l ,  s e d i -  
ment d e p o s i t s  which m e r i t  d e t a i l e d  s t u d y  a r e  surveyed and t h e  s p e c i f i c  we igh t  
of t h e  sediment  i s  e s t i m a t e d  o r  de te rmined  by t h e  methods i n  t h e  p r e c e d i n g  s e c -  
t i o n s ,  Measurements may b e  made t o  d e t e r m i n e  r a t e s  of  d e p o s i t  o r  of  c o n s o l i d a -  
t i o n  a s  w e l l  a s  t o t a l  sediment  accumula t ion .  Then c o r r e c t i v e  and main tenance  
measures may be  t aken  t o  remove t h e  d e p o s i t s ,  a s  by dredging, o r  t o  p r e v e n t  o r  
r e t a r d  t h e  r a t e  of  d e p o s i t  by channe l  o r  d r a i n a g e  b a s i n  improvements. 

D e p o s i t i o n  of sediment  may reduce  t h e  c a p a c i t y  of  a  r e s e r v o i r  t o  s t o r e  
w a t e r  f o r  u s e f u l  p u r p o s e s .  The sediment  d i s c h a r g e  of  a  s t r eam i s  sometimes 
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measured t o  e s t ima te  t he  r a t e  of s t o r a g e  capac i t y  l o s s  i n  a  proposed o r  e x i s t i n g  
r e s e r v o i r .  I f  t h e  d i scharge  i s  i n  weight ,  an e s t ima te  of t h e  s p e c i f i c  weight  of 
t h e  sediment depos i t s  i s  made. A s tudy  of t h e  sediment problem i n  a  given r e s e r -  
v o i r  may i n d i c a t e  t h a t  land e ro s ion ,  s t ream bank e ros ion ,  and o the r  sediment  
sources  should be c o n t r o l l e d  t o  reduce t h e  sediment inf low t o  t h e  r e s e r v o i r .  
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V I .  RECORDS OF SEDINENT DISCHARGE 

43. Sed iment -d i scharge  r e c o r d s  from p e r i o d i c  measurements--Some measure- 
ments of sediment  d i s c h a r g e ,  such a s  t h o s e  based on sediment  samples c o n t i n u o u s l y  
d i v e r t e d  a s  a  f r a c t i o n  of  t h e  s t reamflow ( S e c t i o n  3 7 ) ,  can  be  d i v i d e d  i n t o  r e c -  
o r d s  of sediment  d i s c h a r g e  f o r  s h o r t  p e r i o d s  of  t i m e .  Records based on t h e  de- 
p o s i t i o n  of sediment  above a  w e i r ,  o r  i n  a  r e s e r v o i r ,  a r e  l o n g e r  term r e c o r d s  of  
t o t a l  sediment  d i s c h a r g e .  For  most p u r p o s e s ,  a  r e c o r d  of  t o t a l  sediment  d i s -  
c h a r g e  t h a t  g i v e s  o n l y  t h e  t o t a l  f o r  a  p e r i o d  of  months o r  y e a r s  i s  s a t i s f a c t o r y .  

Most measurements of suspended-sediment  i n  s t r e a m s  o r  over  a  t u r b u l e n c e  
w e i r  a r e  t a k e n  d a i l y  o r  e v e r y  few d a y s ,  w h i l e  computa t ions  of bed- load  d i s c h a r g e  
by t h e  E i n s t e i n ,  modi f i ed  E i n s t e i n ,  Meyer-Peter and ~ G l l e r ,  and s i m i l a r  formulas  
a r e  seldom made a t  f r e q u e n t  i n t e r v a l s .  Under such sampling p rocedure  t h e  s e d i -  
ment r e c o r d  f o r  t h e  t ime  of measurement i s  n o t  l i k e l y  t o  b e  s e r i o u s l y  i n  e r r o r .  
The b i g  e r r o r s  a r e  on t h o s e  days  f o r  which no measurements were  made o r  f o r  
which c o n d i t i o n s  change t o o  r a p i d l y  t o  be  d e f i n e d  by t h e  measurements.  The c o s t  
of making c o n t i n u o u s  measurements w i t h  manual sampl ing  equipment would be  pro-  

h i b i t i v e .  

I f  a  gag ing  s t a t i o n  i s  a t  o r  n e a r  t h e  sampl ing  p o i n t  on a  r i v e r ,  t h e  f r e -  

quency of  sampling may w e l l  b e  based on t h e  f low d u r a t i o n  p a t t e r n .  I t  i s  recom- 

mended t h a t  a s  many samples b e  o b t a i n e d  a s  can b e  economica l ly  a f f o r d e d  i n  t h e  
20- t o  80-percen t  f low d u r a t i o n  r a n g e ,  because  t h e  b u l k  of  t h e  sediment  i s  d i s -  
charged  i n  t h i s  r a n g e .  I n  smal l  s t r eams  95 p e r c e n t  of  t h e  sediment  d i s c h a r g e  
may occur  i n  5 p e r c e n t  of t h e  t ime .  

A l a r g e  p a r t  of  t h e  t o t a l  sediment  program i s  i n v o l v e d  i n  making dependable  

e s t i m a t e s  of  t h e  sediment  d i s c h a r g e  o c c u r r i n g  between t h e  t imes  a t  which meas- 
urements  a r e  made. The adequacy w i t h  which t h e  computa t ions  can b e  made a f f e c t s  

t h e  a c c u r a c y  of t h e  r e c o r d  and p a r t l y  de te rmines  t h e  c o s t  of  t h e  r e c o r d .  I f  t h e  

i n t e r v a l  betwen measurements can  be  handled w e l l ,  t h e  measurements c a n  be  made 
l e s s  f r e q u e n t l y .  

I n  sand-bed s t r e a m s  t h e  mean s t r e a m  v e l o c i t y  i s  a  good gu ide  f o r  i n t e r p o -  
l a t i o n  of bed- load d i s c h a r g e .  Also  t h e  d i s c h a r g e  of  t h e  c o a r s e r  sands  can be  

r e l a t e d  t o  t h e  s t r e a m  d i s c h a r g e  i n  terms of a  sediment  r a t i n g  c u r v e  [ 1 1 ,  131. 

The suspended-sediment  d i s c h a r g e  i s  u s u a l l y  from 50 t o  95 p e r c e n t  of t h e  
t o t a l  sediment  d i s c h a r g e  and i t  i s  o f t e n  main ly  f i n e  sediment  ( l e s s  t h a n  0.02mm). 

The f i n e - s e d i m e n t  d i s c h a r g e  has  no d i r e c t  r e l a t i o n  t o  t h e  h y d r a u l i c  pa ramete r s  
a t  t h e  sampled c r o s s  s e c t i o n .  Sometimes, b u t  n o t  a lways ,  t h e  suspended-sediment 
d i s c h a r g e  has  a  u s a b l e  r e l a t i o n  t o  s t ream d i s c h a r g e .  I f  sediment  r e c o r d s  a r e  t o  
b e  a c c u r a t e  and a r e  t o  b e  o b t a i n e d  a t  r e a s o n a b l e  c o s t ,  some method must b e  used 
t o  s imply  and cheap ly  e v a l u a t e  t h e  c o n c e n t r a t i o n  o f  suspended sediment  between 
t imes  of complete  suspended-sediment  measurements.  
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One common way t o  ob t a in  d a i l y  sediment concen t r a t i ons  i s  t o  have a  i o c a l  
observer  t ake  one o r  two samples of t h e  suspended sediment a t  one sampling v e r t i -  
c a l  i n  t he  c r o s s  s e c t i o n .  The procedure can be made more e l a b o r a t e  by adding 
e x t r a  sampling t imes o r  v e r t i c a l s .  

Whenever measurements a r e  made of t h e  suspended-sediment d i s cha rge  i n  t h e  
e n t i r e  stream c r o s s  s e c t i o n ,  t h e  discharge-weighted concen t r a t i on  f o r  t h e  sec-  
t i o n  i s  compared w i t h  t h e  concen t r a t i on  from n e a r l y  s imultaneous samples taken  
a t  t he  o b s e r v e r ' s  sampling v e r t i c a l .  Thus a  c o r r e c t i o n  f a c t o r  can be determined 
and app l i ed  t o  t h e  observe2s samples, i f  necessary .  A cont inuous r eco rd  of s e d i -  

ment concen t r a t i on  can then  be based on t h e  o b s e r v e r ' s  samples and i n t e r p o l a t i o n  
between sampling t imes .  

The d i s cus s ion  i n  t h i s  and t h e  fo l lowing  s e c t i o n  i s  no t  in tended  t o  teach  
methods of computing r eco rds .  I t  merely p o i n t s  ou t  t he  problems so  t h a t  a  
sampling program can be f i t t e d  t o  t h e  need f o r  f i e l d  d a t a .  

44. Extension of sediment-discharge records--The computation of cont inuous 
sediment records  involves  i n t e r p o l a t i o n  between t h e  time of a c t u a l  sediment d i s -  
charge  measurements a s  d i scussed  i n  t h e  previous s e c t i o n .  Many s i t u a t i o n s  r e -  
q u i r e  e s t ima te s  of sediment d i scharge  f o r  per iods  when t h e r e  a r e  few sediment 
measurements. 

I f  i t  i s  necessary  t o  e s t ima te  sediment d i scharge  o r  sediment y i e l d  f o r  a  
s t ream on which n e i t h e r  sediment observa t ions  nor  cont inuous r eco rds  of s t ream 
d i scha rge  a r e  a v a i l a b l e ,  t h e  b e s t  approach o f t e n  i s  t o  u s e  da t a  from r a t e s  of 
sediment accumulat ion i n  r e s e r v o i r s  o r  from sediment measurements on s t reams 
w i t h  condi t ions  a s  n e a r l y  l i k e  those  of t h e  stream i n  ques t i on  a s  p o s s i b l e .  
This  method does n o t  p rovide  a  conc lus ive  answer and should be used only  i n  
l i e u  of a b e t t e r  a l t e r n a t i v e .  

Data on t u r b i d i t y  of a  stream can sometimes be ob ta ined  from r eco rds  of c i t y  
water-supply p l a n t s  ad j acen t  t o  t h e  s t ream. I f  some sediment measurements have 
been made on t h e  s t ream,  an approximate r e l a t i o n  between t u r b i d i t y  and concent ra -  
t i o n  can be worked ou t  t o  determine t h e  sediment d i s cha rge  of t h e  s t ream. 
I f  no sediment measurements a r e  a v a i l a b l e ,  t h e  t u r b i d i t y  records  may be compared 
w i t h  those  of ad j acen t  s t reams on which sediment measurements have been made. 
The e s t ima te  of sediment d i scharge  ob ta ined  i n  t h i s  way w i l l  probably be ques- 
t i o n a b l e  but  may have t o  s u f f i c e .  

A record  of s t ream d i scha rge  t oge the r  w i th  some sediment measurements w i l l  
p rovide  a  means f o r  e s t ima t ing  sediment d i scharge  f o r  pe r iods  when samples were 
n o t  taken.  A l l  a v a i l a b l e  sediment samples should be c o r r e l a t e d  w i t h  correspond- 
i n g  water  d i s cha rge ,  mean v e l o c i t y ,  o r  s t a g e ,  and t h e  most p l a u s i b l e  r e l a t i o n -  
s h i p  should be app l i ed  t o  d e r i v e  a  sediment d i s cha rge  hydrograph f o r  t h e  pe r iod .  
The r e l a t i o n  of sediment t o  streamflow may vary  t o  some e x t e n t  w i t h  t he  seasons .  
To cover a  s h o r t  pe r iod  of miss ing  sediment record ,  t h e  sediment d i s cha rge  can 
be computed from r eco rds  of d a i l y  stream d ischarge  and t h e  a v a i l a b l e  water-  
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sediment d i scharge  r e l a t i o n .  I f  a  sediment es t imate  i s  needed f o r  a n  i n t e r v a l  of 
s e v e r a l  years  i t  can be computed from a  f low-dura t ion  curve ,  Mi l l e r  (1951) [ 6 0 ] .  
The procedure c o n s i s t s  of developing,  from a  l i m i t e d  sediment sampling record ,  a  
c o r r e l a t i o n  between sediment d i s cha rge  and water  d i s cha rge .  This c o r r e l a t i o n  i s  
then  app l i ed  t o  a  long-term f low-dura t ion  curve and t h e  r e s u l t i n g  computation 
r e p r e s e n t s  a  long- term average sediment y i e l d .  Of t e n  t h e  c o r r e l a t i o n  between 
wa te r  d i scharge  and sediment d i s cha rge  of a  s t ream p l o t  i n  such a  manner t h a t  no 
sys t ema t i c  r e l a t i o n s h i p  i s  r e a d i l y  appa ren t .  ;{owever, i f  good judgment i s  used 
and records  a r e  proper ly  analyzed and c o r r e l a t e d  w i th  r e s p e c t  t o  seasons ,  
pe r iods ,  storm run -o f f ,  snowmelt, and o t h e r  run-of f  c h a r a c t e r i s t i c s ,  reasonably  
s a t i s f a c t o r y  r e s u l t s  can g e n e r a l l y  be ob ta ined  i n  computing sediment d i scharge  
by t h i s  method. 

45. --The b e s t  s o l u t i o n  t o  t h e  problem 
of cont inuous sediment records  would be an instrument  t h a t  would au toma t i ca l l y  
r eco rd ,  e i t h e r  cont inuous ly  o r  a t  f r equen t  i n t e r v a l s ,  t h e  t o t a l  sediment d i s -  
charge  of t h e  s t ream, Sf adequate  records  of streamflow a r e  a v a i l a b l e ,  a s  a s -  
sumed throughout t h i s  r e p o r t ,  a  cont inuous o r  f requent  record  of t h e  suspended- 
sediment concent ra t ion  of t h e  stream would supply a  gene ra l l y  adequate  r eco rd .  
Samples of suspended-sediment concen t r a t i on  obta ined  au toma t i ca l l y  a t  one po in t  
i n  t h e  c ro s s  s e c t i o n  of a  s t ream would improve most records  g r e a t l y .  The con- 
c e n t r a t i o n  a t  t he  po in t  could be checked a g a i n s t  t h a t  f o r  t h e  c r o s s  s e c t i o n  by 
occas iona l  complete measurements of t h e  suspended-sediment d i s cha rge  of t h e  
s t ream.  The fol lowing methods of automatic  sampling a r e  no t  in tended  t o  r ep l ace  
t h e  manual methods of making sediment d i s cha rge  measurements. They a r e  intended 
t o  improve t h e  sediment r eco rds  between times of manual measurements ; t o  reduce 
t h e  need f o r ,  o r  e l im ina t e  e n t i r e l y , t h e  l o c a l  observer ;  t o  reduce t h e  frequency 
of manual sampling; and sometimes t o  reduce t h e  number of samples t o  be handled 
and analyzed.  

4 6 .  --A s i ng l e - s t age  sampler [ 4 3 ]  has been developed 
f o r  u se  on f l a s h y  and i n t e r m i t t e n t  s t reams,  e s p e c i a l l y  a t  remote o r  no t  e a s i l y  
a c c e s s i b l e  s i t e s .  The sample i s  ob ta ined  w i th  r e s p e c t  t o  gage h e i g h t ,  no t  t o  
t ime ,  and on t h e  r i s i n g  s t a g e  on ly .  The sampler i s  used t o  supplement o t h e r  
types  of sampling t o  provide da t a  where s a t i s f a c t o r y  manual coverage i s  no t  
f e a s i b l e .  S ing le -s tage  samplers provide  a  means of ob t a in ing  some suspended- 
sediment da t a  f o r  streams o r  storms on which da t a  would no t  be ob ta ined  o the r -  
wise .  

The sampler c o n s i s t s  of t h e  fo l lowing  four  b a s i c  p a r t s  a s  shown i n  F i g s .  62 
and 6 3 :  

a .  A sample con t a ine r  such a s  a p i n t  g l a s s  mi lk  b o t t l e .  - 

b .  A siphon-shaped a i r - exhaus t  tube  having a  smooth i n s i d e  - 
passage about  3/16 i n .  i n  d iameter ,  u s u a l l y  made of copper 
tub ing .  



F I G .  63--SINGLE-STAGE SAMPLER-- 
HORIZONTAL INTAKE 

N N E R  E N D S  

F I G .  62- - SINGLE-STAGE SAMPLER-- 

VERTICAL INTAKE 
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c .  A siphon-shaped i n t a k e  tube u s u a l l y  made of copper tub ing  and - 
having a  smooth i n s i d e  passage w i th  a  diameter  of 3/16 i n .  a t  t h e  
nozz l e  and 3/16 o r  114 i n .  from t h e  nozz l e  i n t o  t h e  b o t t l e .  

d .  A b o t t l e  sealcomposed of a  t i g h t - f i t t i n g  s topper  having two - 
ho le s  which hold t h e  tubes t i g h t l y  i n  p l ace .  

The sampler should be mounted on a  v e r t i c a l  suppor t  such a s  a  t imber p i l e  
o r  b r i d g e  p i e r ,  p r e f e r ab ly  near  t h e  c e n t e r  of t h e  s t ream, w i t h  t h e  tubes  o r i e n t -  
ed i n t o  t h e  c u r r e n t .  One o r  more samplers may be  mounted one above t h e  o t h e r  t o  
c o l l e c t  samples a t  s e v e r a l  s e l e c t e d  s t a g e s .  

When t h e  r i v e r  s t a g e  reaches  t h e  e l e v a t i o n  of t h e  i n t a k e  nozz le  water-  
sediment mix ture  begins  t o  e n t e r  t he  nozz l e .  As t h e  water  s u r f a c e  i n  t h e  s t ream 
cont inues  t o  r i s e ,  t h e  l e v e l  i n  t h e  i n t a k e  r i s e s  u n t i l  t he  combined p o t e n t i a l  
and ve loc i ty-head  p re s su re  a t  t he  i n t a k e  opening f o r c e s  water  over t he  crown of 
t h e  s iphon.  When the  siphon i s  primed, flow begins t o  f i l l  t h e  sample b o t t l e ,  
F i l l i n g  cont inues  u n t i l  t h e  sample r i s e s  t o  t he  i nne r  end of t h e  exhaust tube ,  
s e a l i n g  t h e  tube  and s topping  t he  f low.  

S ing l e - s t age  samplers have t h e  fo l lowing  i n h e r e n t  a t t r i b u t e s :  

a .  Samplers can be i n s t a l l e d  a t  sampling s t a t i o n s  we l l  i n  advance - 
of expected f l o o d s .  

b .  Personnel  need no t  be p r e sen t  a t  t h e  time of sampling. - 

c .  Samples can be ob ta ined  a t  predetermined s t a g e s  of t h e  r i s i n g  - 
s t ream.  

d .  Sampling appa ra tu s  i s  s imple and inexpens ive .  - 

e .  The sampler may be l e f t  f o r  a  few days a f t e r  sampling wi thout  - 
s i g n i f i c a n t  contaminat ion o f ,  o r  evapora t ion  from, t h e  sample, 

Two gene ra l  types  of s ingle-$zage sampler a r e  i n  u se ,  owe wi th  a  v e r t i c a l  
i n t a k e  and t h e  o t h e r  w i th  a h o r i z o n t a l  i n t a k e ,  

The v e r t i c a l - i n t a k e  sampler (F ig ,  62) ,  which i s  t h e  s imples t  of t h e  s e r i e s ,  
i s  b e s t  f o r  f i n e  sediments .  I t s  sampling e f f i c i e n c y  u s u a l l y  i s  l i t t l e  a f f e c t e d  
by c i r c u l a t i o n  through t h e  sampler,  o r  by a  reasonable  amount of s h i e l d i n g ,  It 
i s  a c c u r a t e  on ly  f o r  sediments f i n e r  than  62 microns,  f o r  water -sur face  surges  
l e s s  than 4  i n . ,  and f o r  v e l o c i t i e s  t h a t  a r e  reasonably  low a t  t h e  sampling po in t  
dur ing  primary sampling. 

Hor i zon t a l - i n t ake  samplers may be used t o  sample sands a s  we l l  a s  f i n e r  
sediments .  F i g .  63 shows a  sampler f o r  low stream v e l o c i t i e s ,  The i n t ake  noz- 
z l e s  a r e  smooth and sharp  and a r e  i n c l i n e d  downward between 10' t o  20' t o  prevent  
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d e p o s i t i o n  of sediment i n  t h e  i n t a k e  p r i o r  t o  sampling. The smal le r  ang l e s  a r e  
used i n  samplers which a r e  t o  ope ra t e  i n  r e l a t i v e l y  h igh  v e l o c i t y  because t he  
g r e a t e r  surges  a s soc i a t ed  w i th  t he se  v e l o c i t i e s  reduce t h e  tendency f o r  sediment 
t o  d e p o s i t .  Three b a s i c  h o r i z o n t a l  i n t a k e  samplers [ 4 3 ]  cover most sampling 
cond i t i ons  where t h e  v e l o c i t y  a t  t he  sampling po in t  does no t  exceed 7 f t  per  
s ec .  Ve loc i t y ,  water -sur face  su rge ,  and sediment s i z e  a r e  t he  p r i n c i p a l  f a c t o r s  
t h a t  govern t he  s e l e c t i o n  o r  des ign  of a  s i n g l e - s t a g e  samplerfor  a  s p e c i f i c  l o -  
c a t i o n .  The r equ i r ed  he igh t s  of t h e  siphon-shaped i n t a k e  and a i r  exhaust tubes 
a r e  d i c t a t e d  by surge  and v e l o c i t y .  A s i n g l e  sampler i s  adequate  f o r  on ly  a  
l i m i t e d  range of surge and v e l o c i t y .  I f  none of t h e  b a s i c  types a r e  s a t i s f a c -  
t o r y ,  modi f ica t ions  can be custom designed f o r  a lmost  any sampling cond i t i ons .  

The fo l lowing  l i m i t a t i o n s  of t h e  sampler may cause sampling e r r o r s  par -  
t i c u l a r l y  i f  coarse  s i l t s  and sands a r e  p r e s e n t :  

a .  Samples a r e  c o l l e c t e d  a t  o r  near  t h e  s t ream s u r f a c e  and u s u a l l y  - 
near  t h e  edge of t h e  s t ream, o r  nea r  a  p i e r  o r  an abutment.  

b .  S i ze ,  shape, and o r i e n t a t i o n  of i n t a k e  and a i r  exhaust tubes - 
may f a i l  t o  provide  i n t a k e  r a t i o s  ( r a t i o  of average v e l o c i t y  i n  
nozz le  t o  s t ream v e l o c i t y  approaching nozz le )  s u f f i c i e n t l y  c l o s e  
t o  u n i t y  t o  sample sands a c c u r a t e l y .  

c .  Obs t ruc t ions  by t r a s h ,  d r i f t ,  o r  elements of t h e  sampler mount- - 
i n g  may c r e a t e  unna tu ra l  flow l i n e s  a t  t h e  po in t  of sampling. 

d .  Atmospheric condensat ion i n  t h e  sample con t a ine r  p r i o r  t o  - 
sampling may d i l u t e  t h e  sample. 

e .  During t h e  per iod  of submergence subsequent t o  sampling, water-  - 
sediment mix ture  may c i r c u l a t e  through t h e  sampler and cause a  
f a u l t y  sample. 

f .  Contamination o r  l o s s  of sample may occur from exposure t o  t h e  - 
elements a f t e r  t h e  f l ood  has receded ,  

g. The time and gage he igh t  a t  which a  sample was taken may be 
somewhat unce r t a in .  

The e f f e c t  of i tem 2 should be eva lua ted  by occas iona l  measurements of 
suspended-sediment d i scharge  f o r  t h e  e n t i r e  c r o s s  s e c t i o n .  The e f f e c t  of t h e  
o t h e r  i tems can be minimized o r  e l imina ted  by proper  i n s t a l l a t i o n  and mainten- 
ance .  The s ing l e - s t age  samplers a r e  widely used a t  t he  p r e sen t  t ime (1963). 
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47. -Pumping samplers [47]  appear  t o  be one answer t o  t he  
need f o r  automatic  sampling equipment. The Inter-Agency P r o j e c t  has developed 
pumping samplers f o r  ob t a in ing  f requent  samples of suspended-sediment concent ra -  
t i o n .  Sampling i s  conf ined  t o  one po in t  i n  t h e  c r o s s  s e c t i o n  of a  s t ream, t h a t  
i s ,  a t  t h e  l o c a t i o n  of t h e  pump i n t a k e ,  which may be nea r  t he  s t ream bank o r  a t  
any s u i t a b l e  s t r u c t u r e  i n  t h e  channel .  The equipment c o n s i s t s  e s s e n t i a l l y  of an  
i n t a k e  and pumping system t h a t  t akes  a  r e p r e s e n t a t i v e  sample of t h e  stream a t  t h e  
i n t a k e ,  and a  c o l l e c t i n g  o r  record ing  appara tus  f o r  t h e  samples. 

I n  t he  f i r s t  pumping samplers t h e  i n t a k e  cons i s t ed  of a  1 - i n .  p ipe  coupl ing  
welded t o  a  s t e e l  p l a t e  which was mounted f l u s h  on t h e  f a c e  of a  guide w a l l  t h a t  
was p a r a l l e l  t o  t h e  s t ream flow. Other types and s i z e s  of i n t akes  a r e  be ing  
t e s t e d ,  A 318-in. by 1 - i n .  c o n s t r i c t i o n  i n  t h e  i n t a k e  l i n e  blocks t h e  passage 
of f i s h  and d e b r i s  which might jam the  pump. Any o b j e c t s  caught a g a i n s t  t h e  
c o n s t r i c t i o n  a r e  removed by backf lush ing .  The sampling pump wi th  1 - i n .  p ipe  
connect ions has a  c a p a c i t y  of 10 gpm under a  42 - f t  t o t a l  f r i c t i o n  and poten t i . a l  
head. The pumping system i s  c o n t r o l l e d  by an e l e c t r i c a l  c y c l i n g  device  t h a t  can 
be a d j u s t e d  t o  t ake  samples a t  any d e s i r e d  frequency.  

Three systems f o r  determining t h e  sediment concen t r a t i on  i n  samples t h a t  
a r e  c o l l e c t e d  by t h e  pumping sampler a r e  under i n v e s t i g a t i o n :  The acccumulat ive-  
weight ,  t h e  volume-recording, and t he  b o t t l i n g  systems [ 4 7 ] .  

The accumulative-weight record ing  system c o l l e c t s  samples i n  a  l a r g e  s e t -  
t l i n g  tank where t h e  sediment s e t t l e s  on to  a  suspended t r a y  (F ig .  6 4 ) .  Weight 
of t h e  t r a y  and sediment i s  measured cont inuous ly  w i t h  a  spr ing- t ransformer  
s c a l e  and recorded on a  s t r i p  c h a r t .  The s e t t l i n g  tank  i s  4 f t  8 i n ,  square  
by 6 f t  deep and t h e  t r a y  i s  4 f t  square  by 3 f t  deep. The equipment i s  housed 
i n  an  8 by 1 0 - f t  s h e l t e r .  

Before each sampling pe r iod ,  t h e  i n t a k e  system i s  back-f lushed w i th  2 8  ga l -  

l ons  of t he  nea r ly  c l e a r  wa t e r  from t h e  top of t h e  s e t t l i n g  tank .  The back 

f l u s h i n g  removes any d e b r i s  o r  sediment which may have c o l l e c t e d  between pumping 
c y c l e s ,  Then a t  30-minute i n t e r v a l s  t h e  sampling pump ope ra t e s  f o r  4  minutes ,  

and pumps water  from t h e  i n t a k e  i n t o  t he  s p l i t t e r  dev i ce ,  The s p l i t t e r  was tes  

t h e  flow dur ing  t h e  f i r s t  50 s ec .  and then d i v e r t s  a  28-gal lon sample i n t o  t h e  
s e t t l i n g  tank .  I f  f o r  some reason t h e  sampling procedure f a i l s ,  s a f e t y  swi tches  
a t  s e v e r a l  po in t s  i n  t he  system i n t e r r u p t  t h e  sampling p roces s .  The spr ing-  

t ransformer  s c a l e  has a  t o t a l  c apac i t y  of 1 ,400 pounds, The d i f f e r e n t i a l  t r a n s -  
former i n  t h i s  u n i t  measures t h e  d e f l e c t i o n  of t h e  load  s p r i n g  by l / f c - i n . ,  o r  
LOO-pound increments ,  The pen moves t h e  f u l l  s c a l e  on t h e  r eco rde r  c h a r t  f o r  
each 100 pounds of sediment t h a t  accumulates on t h e  t r a y .  Then t h e  r eco rde r  

pen r e t u r n s  t o  t h e  zero  p o s i t i o n  au toma t i ca l l y .  The average  concen t r a t i on  of 

suspended sediment i s  computed from t h e  weight  of sediment accumulated on t h e  
t r a y  i n  a  given t ime and t h e  volume of water  pumped du r ing  t h e  same t ime.  
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FIG. 64--PUMPING SAMPLER WITH ACCUMULATIVE-WEIGHT RECORDING SYSTEM 
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The sampler ob t a in s  a  time-weighted concen t r a t i on  t h a t  i s  a c c u r a t e  f o r  f i n e  
sands and coarse  s i l t s  dur ing  per iods  of s t e ady  flow, but  sudden o r  s h o r t  t ime 
changes i n  concen t r a t i on  may n o t  be def ined .  >There i s  d i f f i c u l t y  i n  determining 
t h e  d i s cha rge  of c l a y s  and f i n e  s i l t s  because t he  f i n e r  p a r t i c l e s  do not  always 
s e t t l e  ou t  of suspension onto  t h e  weighing t r a y .  Only samples taken a s  a  check 
on t h e  accumulat ive system a r e  analyzed i n  t h e  l abo ra to ry .  

The sediment-volume r eco rd ing  system c o n s i s t s  of a  r evo lv ing  rack ,  which 
suppor t s  12 sedimentat ion tubes each having a  c o n s t r i c t e d  s e c t i o n  a t  t h e  bottom; 
a  16-mm movie camera f o r  r eco rd ing  t h e  l e v e l s  of sediment and water  i n  t h e  s ed i -  
menta t ion  tubes ;  and a  concen t r i c  r ack  a t  a  lower l e v e l  which c a r r i e s  72 sample 
c o n t a i n e r s  ( p i n t  g l a s s  milk b o t t l e s ) .  (See F i g .  65.)  Every 30-minutes a  sample 
i s  pumped from t h e  s t ream i n t o  one of t he  sed imenta t ion  tubes .  About 5 112 
hours  l a t e r  t he  camera au toma t i ca l l y  takes  a  p i c t u r e  of t he  sediment accumula- 
t i o n  i n  t h e  c o n s t r i c t e d  s e c t i o n  of t h e  tube  and a l s o  of t he  he igh t  of t h e  water  
column i n  t h e  t ube ,  The tube  then  d r a i n s  i n  p r epa ra t i on  f o r  t ak ing  another  sam- 
p l e  i n  t h e  same tube one-half hour l a t e r .  Each sedimentat ion tube  i s  c a l i b r a t e d  
( t h e  c a l i b r a t i o n  may r e q u i r e  adjustment  f o r  c e r t a i n  seasons o r  s torms)  s o  t h a t  
t h e  p i c t u r e s  can be used t o  determine sediment concen t r a t i on  by weight .  

A s p l i t t e r  on top of one of t he  12 sed imenta t ion  tubes d i v e r t s  p a r t  of t h e  
pumped sample i n t o  one of t h e  b o t t l e s  every 6 hours .  The sample i n  t h e  b o t t l e  
may be  analyzed l a t e r  i n  t he  l a b o r a t o r y  a s  a  check on t h e  concen t r a t i on  of s e d i -  
ment ob ta ined  from t h e  p i c t u r e  r eco rd .  This system has been s a t i s f a c t o r y  except  
where t h e  percentage  of s i l t  o r  c l a y  i s  s o  h igh  t h a t  t h e  suspended f i n e  m a t e r i a l  
obscures  t he  i n t e r f a c e  between t h e  accumulated sediment and t h e  t u r b i d  l i q u i d  i n  
t h e  sed imenta t ion  tube ,  However, t h e  volume-recording system i s  n o t  we l l  adapt -  
ed t o  very  f l a s h y  s treams because t h e  s e t t l i n g  time l i m i t s  f requency of sampling. 

The individual-sample b o t t l i n g  system has a  r evo lv ing  double-rack which 
s t o r e s  t h e  samples i n  p i n t  mi lk  b o t t l e s  f o r  La te r  a n a l y s i s  i n  t h e  l a b o r a t o r y .  
The sampler c a r r i e s  145 sample con t a ine r s  (F ig .  6 6 ) .  I n  each sampling c y c l e  
water-sediment  mixture i s  pumped from t h e  stream through a s p l i t t e r  mechanism 
which d i v e r t s  t h e  flmq i n t o  a  sample c o n t a i n e r ,  When stream flow i s  low a  sam- 
p l e  i s  taken every 12 hours ,  bu t  above a  s e l e c t e d  s t a g e  samples a r e  taken  a t  
hou r ly  i n t e r v a l s .  The sampling frequency i s  c o n t r o l l e d  by a f l o a t  sw i t ch  t h a t  
i s  a c t u a t e d  by t h e  r i s i n g  and f a l l i n g  water  l e v e l  i n  t h e  s t ream,  

The individual-sample b o t t l i n g  system i s  s a t i s f a c t o r y  f o r  use  on many types 
of s t r eams ,  Because a l l  of t h e  samples must be analyzed i n  t h e  l a b o r a t o r y ,  t h e  
system i s  b e s t  adapted t o  ephemeral s t reams on which t h e  t o t a l  number of samples 
per  season i s  no t  l a r g e .  

Although t h e  pumping samplers  a r e  s t i l l  be ing  f i e l d  t e s t e d ,  they  a r e  prob- 
a b l y  s u f f i c i e n t l y  developed t o  be of u se  f o r  r o u t i n e  sampling programs a t  
c e r t a i n  s i t e s .  
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FIG.  65--SEDIMENT-VOLUME RECORDING SYSTEM 
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FIG. 66--INDIVIDUAL-SAMPLE BOTTLING SYSTEM 



48. Resea rch  on a u t o m a t i c  s e n s i n g  o f  sediment--An u l t i m a t e  o b j e c t i v e  o f  
t h e  In te r -Agency  P r o j e c t  program i s  t h e  development  o f  i n s t r u m e n t s  t h a t  w i l l  
a u t o m a t i c a l l y  s e n s e  and r e c o r d  t h e  q u a n t i t y  and  c h a r a c t e r  of  sed imen t  l o a d s  
t r a n s p o r t e d  by n a t u r a l  s t r e a m s .  The i d e a l  d e v i c e  c o u l d  b e  i n s t a l l e d  permanent-  

l y  i n  t h e  s t r e a m  t o  d e t e c t  and r e c o r d  t h e  amount and s i z e  spec t rum of  sed imen t  
d i s c h a r g e .  The r e c o r d  s h o u l d  b e  c o n t i n u o u s ,  o r  i n t e r m i t t e n t  a t  s u f f i c i e n t  f r e -  
quency t o  d e f i n e  a  c o n t i n u o u s  r e c o r d  of  t h e  sed imen t  d i s c h a r g e .  The f e a s i b i l i t y  
of  v a r i o u s  approaches  t o  t h e  problem a r e  b e i n g  s t u d i e d  and t h o s e  t h a t  show prom- 
i s e  a r e  b e i n g  deve loped  f u r t h e r .  The immedia te  g o a l  i s  t h e  d e t e r m i n a t i o n  of  
suspended-sed imen t  c o n c e n t r a t i o n  a t  one  p o i n t  i n  a  s t r e a m  c r o s s  s e c t i o n ,  o r  t h e  
development  of  a n  i n s t r u m e n t  t h a t  g i v e s  a n  i n d i r e c t  i n d i c a t i o n  of  c o n c e n t r a t i o n .  

S e v e r a l  p o s s i b l e  ways t o  d e t e r m i n e  a u t o m a t i c a l l y  t h e  c o n c e n t r a t i o n  of  s u s -  
pended sed imen t  have been o r  a r e  b e i n g  s t u d i e d .  These  i n c l u d e  d i f f e r e n t i a l  
p r e s s u r e  d e v i c e s ,  d i r e c t  e l e c t r o n i c  s e n s i n g ,  t u r b i d i m e t e r s ,  u l t r a s o n i c  e q u i p -  
ment, and  n u c l e a r  a d a p t a t i o n s .  I n  t h e  development  of  t h e s e  d e v i c e s  some work i s  
done on  s i z e  a n a l y s e s  f e a t u r e s  of t h e  i n s t r u m e n t s  when s i z e  i s  a  p a r a m e t e r  t h a t  
must b e  de te rmined  b e f o r e  c o n c e n t r a t i o n  c a n  b e  measured .  P o s s i b l e  l a b o r a t o r y  
u s e s  o f  t h e  i n s t r u m e n t s  a r e  c o n s i d e r e d  a l s o .  However, t h e  b a s i c  goa l  i s  de-  
velopment  of  t h e  method f o r  f i e l d  u s e .  

D i f f e r e n t i a l - p r e s s u r e  devices--A p r e s s u r e  d i f f e r e n t i a l  d e v i c e  t o  measure  
changes  i n  p r e s s u r e  between two e l e v a t i o n s  i n  a  f l o w i n g  w a t e r - s e d i m e n t  m i x t u r e  
was i n v e s t i g a t e d  [ 4 6 ] .  An a t t e m p t  was made t o  improve t h e  a c c u r a c y  of  d i f f e r e n -  
t i a l - p r e s s u r e  measurement and t o  evade dynamic -p ressu re  e f f e c t s  s u f f i c i e n t l y  t o  
p e r m i t  measurement of  suspended-sediment  c o n c e n t r a t i o n  i n  normal s t r eamf low.  

Al though  a  h i g h l y  s e n s i t i v e  d i f f e r e n t i a l - p r e s s u r e  d e v i c e  was deve loped ,  
a t t e m p t s  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  of  sed imen t  i n  f l o w i n g  w a t e r  were  n o t  
s u c c e s s f u l .  The dynamic -p ressu re  d i f f e r e n c e s  were  s o  much g r e a t e r  t h a n  t h e  

p r e s s u r e  d i f f e r e n c e s  caused  by changes  i n  suspended-sed imen t  c o n c e n t r a t i o n  t h a t  
t h e  i d e n t i f i c a t i o n  of  d i f f e r e n c e s  i n  suspended-sed imen t  c o n c e n t r a t i o n  was 
p r a c t i c a l l y  i m p o s s i b l e .  

E l e c t r o n i c  s e n ~ ~ ~ ~ ~ m e ~ ~ f - ~ - - E l e c t r o n i c  s e n s i n g  equipment ( F i g .  6 7 )  i s  

b e i n g  i n v e s t i g a t e d  t o  d e t e r m i n e  i t s  c a p a c i t y  f o r  a n a l y z i n g  suspended s e d i m e n t s  
f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n  and c o n c e n t r a t i o n .  

TI ~ i i i . ~  l commel-cial.l.:y a v a i i a b l e  equi.pment meas:lres a n d  c o u n t s  i n d i v i d u a l  p a r t i -  

c l  e s  a s  t h e y  p a s s  th rough  a sma? 1. a p e r t u r e .  b. known vol-ume of a c o n d u c t i v e  
l i q u i d  { e l e c t r o l y t e )  t h a t  c o n t a i n s  t h e  p a r t i c l e s  i n  d i l u t e  s u s p e n s i o n  i s  drawn 
t.hrougi: t h e  a p e r t u r e ,  The r e s i s t a n c e  between e l . e c t r o d e s  on each s i d e  of  t h e  
a p e r t u r e  chalnges whenever a pa-i.tic1.e d i s p l . a c e s  p a r t  of  t h e  I.l.cpj.d i n  t h e  a p e r -  
t u r e ,  M c o n s t a n t  v o l t a g e  i s  i.nposed on t h e  e l e c t r o d e s  s o  t h a t  t h e  change i n  
r e s i s t a n c e  procirices an e l . e c t r i c a l  lpul S P  t h a t  i s  p ropor t i . ona l  t o  p a r t i . c l  e vol.urne, 
The e l e c t r i c a l  p u l s e s  a r e  a m p l i f i e d  s o  t h a t  t h e y  can  b e  s c r e e n e d  a s  t o  s i .ze  and 

c o u n t e d .  The v o l t a g e  p u l s e s  a r e  a l s o  d i s p l a y e d  on a n  o s c i l l o s c o p e  s c r e e n  a s  a  
p a t t e r n  of  v e r t i c a l  " s p i k e s " .  Normal ly ,  e a c h  s p i k e  o r  v o l t a g e  p u l s e  i n d i c a t e s  
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t h e  passage of a  s i n g l e  p a r t i c l e .  The pu l se  p a t t e r n  s e rves  a s  a  guide f o r  mcas- 
urement and a s  a  monitor of instrument  performance. 

The counter  has  an a d j u s t a b l e  t h r e sho ld  l e v e l  below which e l e c t r i c a l  pu l s e s  
w i l l  no t  be counted. Threshold l e v e l  i s  i n d i c a t e d  on t h e  s c r een  by a  b r igh t en -  
i n g  of pu l s e  segments above t he  th reshold  l e v e l .  The t h r e sho ld  can be s e t  s o  
h igh  t h a t  none o r  on ly  a  few of t h e  l a r g e s t  p a r t i c l e s  a r e  counted.  Then i t  can 
be lowered i n  succes s ive  s t e p s  and a  count of pu lses  l a r g e r  than  each s t e p  can 
be taken .  The r e l a t i o n  of pu l s e  he igh t  t o  p a r t i c l e  volume can be  e s t a b l i s h e d  by 
c a l i b r a t i o n .  Thus, t h e  number of p a r t i c l e s  i n  each s i z e  range can be determined.  
The maximum p a r t i c l e  diameter  t h a t  t h e  t h r e sho ld  adjustment  can cover  i s  about  
t h r e e  times t he  minimum p a r t i c l e  diameter .  However, ad jus tments  of amp l i f i c a -  
t i o n  (ga in)  and v o l t a g e  ac ros s  t he  e l e c t r o d e s  permit  sc reen ing  of p a r t i c l e  diam- 
e t e r s  over a  range of 20 t o  1. By us ing  a p e r t u r e s  w i th  d iameters  of 50, 140, 
and 400 microns, a  range of p a r t i c l e  diameters  from 160 microns down t o  1 micron 
can be measured. Because t h e  measurement i s  of p a r t i c l e  volume, p a r t i c l e  diam- 
e t e r  merely i n d i c a t e s  t h e  diameter  of a  sphere  t h a t  has  t h e  same volume a s  t h e  
p a r t i c l e .  Tes t s  show t h a t  composition o r  d e n s i t y  of t h e  p a r t i c l e s  has l i t t l e  
e f f e c t  on t h e  a n a l y s e s .  An approximately s p h e r i c a l  p a r t i c l e  w i t h  a  given volume 
w i l l  have an  equal  e f f e c t  whether i t  i s  of g l a s s ,  q u a r t z ,  o r  p o l l e n .  D u p l i c a t e -  
ana ly se s  on t h e  same sample gene ra l l y  ag ree  c l o s e l y .  

The time r equ i r ed  f o r  a  s i z e  a n a l y s i s  depends on t h e  range of p a r t i c l e  
s i z e s  i n  t he  sample. The ope ra t i ng  time f o r  an a n a l y s i s  i n  a  s i n g l e  o r i f i c e  
v a r i e s  from 10 minutes f o r  a  400 micron a p e r t u r e  t o  75 minutes  f o r  a  50-micron 
a p e r t u r e .  Most sediment samples r e q u i r e  a n a 1 y s . i ~  i n  a t  l e a s t  two a p e r t u r e  s i z e s  
and t h e  computation of r e s u l t s  t akes  a d d i t i o n a l  t ime.  The r e s u l t s  a r e  a  com- 
p l e t e  s i z e  d i s t r i b u t i o n  a n a l y s i s  f o r  t h e  sample. Concent ra t ion  of sediment can 
be determined a l s o .  The ana lyzer  i s  an  accu ra t e  method f o r  l a b o r a t o r y  determi-  
n a t i o n  of t h e  phys ica l  s i z e  d i s t r i b u t i o n  of p a r t i c l e s  i n  t h e  s i l t  range.  The 
p r e s e n t  des ign  i s  bo th  too  d e l i c a t e  and too  complicated f o r  u se  i n  t h e  f i e l d .  
However, a complete s i z e  a n a l y s i s  i s  no t  needed i n  m ~ s t  f i e l d  app . l lca t ions .  I f  
t h e  ana lyzer  can b e  modif ied t o  determine suspended-sediment c o n c e n t ~ a t i o n  d i -  
r e c t l y ,  i t  can be g r e a t l y  s i m p l i f i e d  and t h e  time f o r  a  de te rmina t ion  of s ed i -  
ment concen t r a t i on  can be much reduced,  

1 ' u r b % d 1 ~  method--Tv.rbidity-, which i s  t h e  cl.oudiness i n  a  l i q u i d ,  i s  o f t e n  -- P 

used a s  a  measure of suspended-sediment concen t r a t i on ,  Pn t h e  conmercial t u r b i -  
d imeter  t h a t  t h e  Inter-Agency p r o j e c t  i s  s tudytng ,  t u r b i d i t y  i s  measured a s  t h e  
r a t i o  of t h e  interasit;y of t h e  : l igh t  s c a t t e r e d  by the p a r t i c l e s  i.n t h e  l i q u i d  t o  
t h e  i n t e n s i t y  of l i g h t  t r ansmi t t ed  through t h e  l i q u t d ,  'The photo-voltaic c e l l  i n  
t h e  d e t e c t o r  i s  exposed t o  t h e  t r ans~n t t t e c l  lig'rrt f o r  15 sec  and. then  by means of 
so lenoid-opera ted  s h u t t e r s  i t  i s  exposed t o  t he  s c a t t e r e d  l i g h t  f o r  4-5 s e c ,  This 
c y c l e  i s  repea ted  cont inuous ly ,  ':Erie r ecorder  pen responds t o  changes i n  tur 'bi-  
d i c y  on ly  dur ing  t h e  s c a t t e r e d - l i g h t  po r t i on  (45 s ec  long)  of t h e  measuring 
c y c l e .  S t a b i l i t y  of t h e  r a t i o  measurement i s  achieved by u s i n g  a  s i n g l e  l i g h t  
source  and a  s i n g l e  pho tovo l t a i c  c e l l  t o  measure bo th  s c a t t e r e d  l i g h t  and t r a n s -  
m i t t e d  l i g h t .  



The tu rb id ime te r  equipment used i n  t he  s tudy  c o n s i s t s  of a  pumping and r e -  
c i r c u l a t i n g  system, sed imenta t ion  chamber, t u r b i d i t y  d e t e c t o r ,  and r eco rd ing  
system (F ig .  6 8 ) .  The ins t rument  measures ,  i n d i c a t e s ,  and records  t h e  degree  of 
t u r b i d i t y  i n  a  f lowing l i q u i d  by means of a  pho tovo l t a i c  c e l l  and a  servo-  
opera ted  s e l f -ba l anc ing  r eco rde r .  Tu rb id i t y  i s  recorded on a  s t r i p  el-iart ,  which 
t r a v e l s  a t  a  r a t e  of 3/4 i n .  per  hour ,  except when t h e  speed i s  changed t o  12 i n ,  
per  hour t o  g ive  an  expanded r eco rd  f o r  sed imenta t ion  s i z e  a n a l y s i s .  

The t u rb id ime te r  can be a d j u s t e d  ta monitor f l u i d s  w i th  c~ncentz-%tr ims  
ranging  from a s  low a s  0  t o  10 p a r t s  p e r  m i l l i o n  (ppm) t o  a s  h igh  a s  O E O  

L00,000 ppnn on t h e  s i l i c o n  s c a l e  w i t h  an aecuracy of 10 pe rcen t .  In t h e  Low 
range ,  t he  instrument  w i l l  measure concen t r a t i on  t o  an  accuracy of l ppm. Un- 
f o r t u n a t e l y  t u r b i d i t y  changes w i th  bo th  concen t r a t i on  and p a r t i c l e  s i z e  of t h e  
sediment ,  The concentration of a sediment can not  be determined from t u r b i d i t y  
u n l e s s  t he  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  known, 

Concent ra t ion  and p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  suspended-sediment samples 
a r e  determined i n  two s t e p s .  T u r b i d i t y  of a  sample be ing  pumped through t h e  de- 
t e c t o r  i s  recorded cont inuous ly  f o r  de te rmina t ion  of concen t r a t i on ,  To d e t e r -  
mine p a r t i c l e  s i z e ,  t h e  flow i s  suddenly s topped and t u r b i d i t y  i s  recorded  
a g a i n s t  t ime a s  t h e  par t j i c les  s e t t l e  o u t  of suspension and out  of t h e  l i g h t  beam 
i n  t h e  sedimentat ion chamber. 

P a r t i c l e s  of uniform d e n s i t y  and shape f a l l  a t  r a t e s  p ropo r t i ona l  t o  t h e i r  
s i z e ,  and an i n t e r s e c t i n g  l i g h t  beam i s  obscured i n  p ropo r t i on  t o  p a r t i c l e  s i z e  
and concen t r a t i on .  Theo re t i ca l l y  an opaque p a r t i c l e  should obscure l i g h t  i n  
d i r e c t  r e l a t i o n  t o  i t s  g r e a t  c i r c l e  a r e a .  The r e l a t i v e  weight  of p a r t i c l e s  of a  
given s i z e  group r equ i r ed  t o  obscure l i g h t  t o  a  s p e c i f i c  degree i s  r ep re sen t ed  
by a  h i d i n g  f a c t o r .  The weight of sediment i n  each s i z e  group of t he  sample i s  
computed i n  percentage  of t h e  t o t a l  f o r  each incremental  change i n  t u r b i d i t y  by 
u s i n g  t h e  equ iva l en t  hidi-ng f a c t o r  and making adjustment  f o r  concen t r a t i on ,  

A f t e r  t h e  p a r t i c l e  s i z e  spectrum has  been determined,  concen t r a t i on  i s  
found from a  cal i .brat i .on graph i n  which t u r b i d i t y  i s  p l o t t e d  w i th  r e s p e c t  t o  
concent ra t i .on ,  and s i z e  i s  shown a s  a  paraaneter, The c a l i b r a t i o n  graph i s  
developed from t u r b i d i t y  t e s t s  on s e v e r a l  known concen t r a t i ons  of a  sample of 
m a t e r i a l  t h a t  has a  known p a r t i c l e  s i z e  d i s t r i b u t i o n .  Many samples a r e  used t o  

cover t h e  range of s i z e  groups r ep re sen t ed  by t h e  parameters ,  P a r t i c l e  s i z e  
d i s t r i b u t i o n  i n  a sample can be expressed by t h e  mean p a r t i c l e  d iameter ,  which 
i s  t h e  50 percent  s i z e  by weight ,  and t h e  geometr ic  s tandard  d e v i a t i o n ,  wh.ich 
i s  t he  84 ,13  percent  f i n e r  s i z e  d iv ided  by t he  50 pe rcen t  s i z e ,  

T u r b i d i t y  t e s t s  on s e v e r a l  samples of lcnown concen t r a t i on  and lcnown par -  
t i c l e  s i z e  d i s t r i b u t i o n  were made f o r  t h e  purpose of determining t h e  r e l a t i o n  
of t u r b i d i t y  t o  t h e  c h a r a c t e r i s t i c s  of va r ious  types of sediment .  Because t u r -  
b i d i t y  read ings  a r e  s e n s i t i v e  t o  bo th  p a r t i c l e  s i z e  d i s t r i b u t i o n  and sediment 
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concen t r a t i on ,  t h e  s i z e  spectrum i s  determined by t h e  s e t t l i n g  procedure be fo re  
t h e  concen t r a t i on  i s  determined.  The r e l a t i o n  of t u r ' b i d i t y  t o  s e t t l i n g  t ime a s  
shown by t h e  s e t t l i n g  procedure i s  p l o t t e d .  Then p a r t i c l e  s i z e s  corresponding 
t o  va r ious  observed s e t t l i n g  times and temperatures  a r e  computed by Stokes ' law. 
These computed va lues  a r e  p l o t t e d  on t h e  s e t t l i n g  time s c a l e  of t h e  t u r b i d i t y -  
s e t t l i n g  t ime graph which was developed from t h e  t e s t  d a t a .  T u r b i d i t y  va lues  
f o r  each computed p a r t i c l e  s i z e  can then be read  d i r e c t l y  from t h i s  graph.  

The t u rb id ime te r  can measure p a r t i c l e s  which range i n  s i z e  from about  0.020 
t o  0.120 m m .  F ine r  p a r t i c l e s  s e t t l e  s o  s lowly t h a t  t h e  t e s t s  t ake  an  excess ive-  
l y  long t ime,  and coa r se r  p a r t i c l e s  s e t t l e  so  r a p i d l y  t h a t  an unreasonably t a l l  
sed imenta t ion  chamber i s  r equ i r ed .  The p r i n c i p l e  of t h e  t u rb id ime te r  seems 
adaptab1.e t o  a  f i e l d  instrument  f o r  de te rmin ing  concen t r a t i on  and p a r t i c l e - s i z e  
d i s t r i b u t i o n  of suspended-sediment samples pumped from a  s t ream,  However, t h e r e  
a r e  s e v e r a l  i n s t rumen ta t i on  d i f f i c u l t i e s  t o  overcome be fo re  a  f i e l d  ins t rument  
w i l l  be  a v a i l a b l e .  

U l t r a s o n i c  equipment--Ultrasonic equipment i s  be ing  s tud i ed  a s  a  means t o  
determine concen t r a t i on  and p a r t i c l e  s i z e  d i s t r i b u t i o n  of suspended sediment 
from about  0.040 t o  1 . 0  mm i n  s i z e  1 2 5 1 ,  As a  p l ane  sound wave passes  through 
a  f l u i d  con t a in ing  s o l i d  p a r t i c l e s  i n  suspension i t s  a t t e n u a t i o n  v a r i e s  w i th  t h e  
concen t r a t i on  of t h e  p a r t i c l e s .  

The u l t r a s o n i c  ana lyze r  (Pig.  69) c o n s i s t s  of a  sediment chamber, c i r c u l a -  
t i n g  pump, c r y s t a l  t r ansduce r s ,  t r a n s m i t t e r ,  pu l s e  gene ra to r ,  a t t e n u a t o r ,  r e -  
c e i v e r  and o s c i l l o s c o p e .  

A high-frequency e l e c t r i c a l  c u r r e n t  i s  imposed on a  qua r t z  c r y s t a l  f o r  
about s i x  microseconds a t  a  r e p e t i t i v e  r a t e  of 200 t imes a  second. The qua r t z  
c r y s t a l ,  which i s  mounted i n  t h e  w a l l  of a  sediment chamber,converts t h e  e l e c -  
t r i c a l  p u l s e s  i n t o  displacement  pu l s e s  o r  sound waves. The wave passes  through 
t h e  f l u i d  i n  t h e  sample chamber and s t r i k e s  a  second c r y s t a l  i n  t h e  wa l l  on t h e  
o the r  s i d e .  The two c r y s t a l s  a r e  of matched f r equenc i e s .  The second c r y s t a l  
a c t s  a s  a  t r ansduce r  and conver t s  t he  sound wave t o  a  secondary e l e c t r i c a l  cu r -  
r e n t .  The e l e c t r i c a l  c u r r e n t  i s  fed  back through an  a t t e n u a t o r  and i s  i n d i c a t e d  
on an o s c i l l o s c o p e .  

The e f f e c t  of sediment on a t t e n u a t i o n  of t h e  sound wave i s  determined a s  
fo l lows:  w i t h  water  i n  t h e  sediment chamber, t h e  top of t h e  o s c i l l o s c o p e  t r a c e  
i s  a d j u s t e d  t o  a  r e f e r e n c e  l i n e  on t h e  o s c i l l o s c o p e  s c r een .  'Then sediment i s  

in t roduced  i n t o ,  and c i r c u l a t e d  through,  t he  sample chamber. The presence of 
t h e  sediment reduces t h e  he igh t  of t h e  t r a c e .  E l e c t r i c a l  r e s i s t a n c e  i s  removed 
from t h e  a t t e n u a t o r  i n  t he  secondary e l e c t r i c a l  c i r c u i t  u n t i l  t h e  t r a c e  i s  r e -  
s t o r e d  t o  t h e  o r i g i n a l  he igh t  on t h e  o sc i l l o scope .  The e l e c t r i c a l  r e s i s t a n c e  
t h a t  was removed i s  a  d i r e c t  measure of t h e  energy l o s s  caused by t h e  a d d i t i o n  
of t h e  sediment .  The energy l o s s  v a r i e s  d i r e c t l y  a s  t h e  concen t r a t i on  of s e d i -  
ment. 
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U n f o r t u n a t e l y ,  a t t e n u a t i o n  of u l t r a s o n i c  energy depends a s  much on p a r t i c l e  
s i z e  a s  on c o n c e n t r a t i o n ,  Al though t h e  u l t r a s o n i c  equipment can be c a l i b r a t e d  
t o  de te rmine  q u i c k l y  and a c c u r a t e l y  t h e  c o n c e n t r a t i o n  of  sediment  of a  known 
sing1.e s i z e ,  o r  a  s i n g l e  s i z e  d i s t r i b u t i o n ,  t h e  d e t e r m i n a t i o n  of  t h e  c o n c e n t r a -  
t i o n  of sediment of an unknown s i z e  d i s t r i b u t i o n  i s  d i f f i c u l t .  For  sed iments  
t h a t  have a  s i z e  d i s t r i b u t i o n  t h a t  can be  expressed  by two paramete r s  such  a s  
t h e  geometr ic  mean d iamete r  and t h e  s t a n d a r d  d e v i a t i o n ,  it  i s  poss ibLe  t o  d e t e r -  
mine t h e  s i z e  d i s t r i b u t i o n  i n  a n  unknown sample.  C a l i b r a t i o n  and a n a l y s i s  must 
cover  a  r a n g e  of abou t  10  f r e q u e n c i e s .  A f t e r  t h e  s i z e  d i s t r i b u t : i o n  i s  de te rmin-  
ed ,  t h e  c o n c e n t r a t i o n  can b e  found.  

The u l t r a s o n i c  equipment o p e r a t e s  r e a s o n a b l y  w e l l  i n  t h e  Labora to ry ,  a l -  
though f u r t h e r  development w i l l  be  needed b e f o r e  i t  w i l l  b e  c o m p e t i t i v e  w i t h  
more cornmon l a b o r a t o r y  methods of a n a l y s i s .  The p o t e n t i a l  f o r  f i e l d  u s e  h a s  
n o t  been eval-uated.  

Nuclear  poss  ibil i t&g2,--T'ne Atomic Energy Commissi.on i s  c o o p e r a t i n g  w i t h  t h e  
Inter-Agency Sed imenta t ion  P r o j e c t  on a s t u d y  of t h e  p o s s i b i l i t i e s  of u s i n g  
r a d i o i s o t o p e s  f o r  deterinirking t h e  c o n c e n t r a t i o n  of suspended sed iment ,  Under 
t h e  f i r s t  of a  s e r i e s  of c o n t r a c t s  w i t h  t h e  Atomic Energy Cornmi-ssiora, P a r a m e t r i c s ,  
I n c . ,  completed t h e  i n i t i a l  phase  of t h e  i n v e s t i g a t i o n  and p repared  a  f a v o r a b l e  
f e a s i b i l i t y  r e p o r t  i n  1962, Under a  second c o n t r a c t  a  p i l o t  ins t rument  f o r  
s e n s i n g  t h e  c o n c e n t r a t i o n  of suspended sediment  was produced.  Prel . iminary t e s t s  
of t h e  p i l o t  model were  made i n  1963 by employees of  P a r a m e t r i c s ,  I n c , ,  and of 
t h e  Sed imenta t ion  L a b o r a t o r y  of t h e  A g r i c u l t u r a l  Research S e r v i c e ,  a t  Oxford, 
Miss. The t e s t s  were  made i n  a  flume a t  t h e  Sed imenta t ion  Labora to ry .  Under a  
t h i r d ,  and presumab1.y terminal . ,  c o n t r a c t  t h e  p i l o t  i n s t r u m e n t  i s  t o  b e  developed 
f u r t h e r  and remodeled f o r  u s e  i n  f i e l d  s t r e a m s .  

C o m e r c i a l  work on a u t o m a t i c  s e n s i n g  d e v i c e s  f o r  suspended sed iment - -Severa l  
commercial  o r g a n i z a t i o n s  have worked on equipment f o r  d i r e c t  u s e  i n  t h e  sedimen- 
t a t i o n  f i e l d  o r  on equipment t h a t  cou ld  be  adap ted  t o  s e d i m e n t a t i o n  u s e s ,  A t  t h e  
p r e s e n t  t ime (1963) p e r s o n n e l  of  t h e  Inter-Agency P r o j e c t  a r e  keep ing  informed on 
two s p e c i f i c  developments of  s p e c i a l  i n t e r e s t ,  

The r e s e a r c h  depar tment  of one l a r g e  company has  developed a n  ins t rument  f o r  
c o n t i n u o u s l y  r e c o r d i n g  t h e  f o l l o w i n g  p r o p e r t i e s  of  w a t e r  i n  s t r eams  o r  l a k e s :  
C o n d u c t i v i t y ,  d i s s o l v e d  oxygen, t u r b i d i t y ,  pH, w a t e r  t e m p e r a t u r e ,  a i r  t e m p e r a t u r e ,  
and s u n l i g h t  i n t e n s i t y .  The Branch of Q u a l i t y  of Water,  U ,  S. Geo log ica l  Survey,  

began t e s t i n g  t h i s  w a t e r - q u a l i t y  m o n i t o r i n g  system i n  1963, b u t  c o n c l u s i v e  r e -  
s u l t s  a r e  n o t  y e t  a v a i l a b l e ,  

The r e s e a r c h  f a c i l i t y  of  a  second company has  proposed t h e  development of a  
m u l t i p l e  s e n s o r  d e v i c e  t h a t  IY-ould u s e  l i g h t  r a y s  and two s o u r c e s  of  x - ray  ener -  
g i e s ,  one i n  t h e  "hard" ( h i g h  energy)  band and t h e  o t h e r  i n  t h e  " s o f t f f  ( law 
energy) .  The a t t e n u a t i o n  and s c a t t e r i n g  of l i g h t  and of r a d i a t i o n  f o r  each band 
would b e  measured and r e c o r d e d .  Also ,  o t h e r  p r o p e r t i e s  of  t h e  f low such  a s  con- 
d u c t i v i t y  and t e m p e r a t u r e  c o u l d  b e  recorded .  Perhaps  t h e  u s e  of  d i f f e r e n t  wave 
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l eng ths ,  and of r a t i o s  of t r ansmi t t ed  and s c a t t e r e d  energy w i l l  permit  evalua-  
t i o n  of t h e  p a r t i c l e  s i z e  o r  t h e  e f f e c t  of t h e  p a r t i c l e  s i z e  i n  such a  way t h a t  
concen t r a t i on  can be ob ta ined  wi thout  a  s e p a r a t e  means of de te rmin ing  t h e  par -  
t i c l e  s i z e .  
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V I I  APPENDIX 

49. Unsampled zone--Usually, suspended-sediment d i scharge  i s  ob ta ined  5y 
m u l t i p l y i n g  t h e  discharge-weighted concen t r a t i on  from dep th - in t eg ra t ed  samples 
i n  t h e  sampled zone by t h e  s t ream d i scha rge .  For s i l t s  and c l a y s ,  t h e  concen- 
t r a t i o n  i n  t h e  sampled zone i s  cons idered  equal t o  t h e  concen t r a t i on  i n  t h e  
s t ream v e r t i c a l .  

For  sediments of sand s i z e s ,  t h e  concen t r a t i on  i n  t h e  unsampled zone w i l l  
normally be g r e a t e r  than  i n  t h e  sampled zone. The apparen t  e r r o r  i n  t h e  normal 
method of computation depends on t h e  unused discharge-weighted concen t r a t i on  i n  
t h e  unsampled zone and the s t ream d i scha rge  through t h e  unsampled zone. I n  t h e  
dep th - in t eg ra t i on  method t he  v e r t i c a l  t r a n s i t  of t h e  sampler i s  r eve r sed  upon 
c o n t a c t  w i t h  t h e  streambed, o r  i f  a  p o i n t - i n t e g r a t i n g  sampler i s  used ,  t h e  sam- 
p l i n g  a c t i o n  may be s t a r t e d  o r  s topped a t  t h e  bottom of t h e  sampling run.  The 
r e s u l t  of t h e  p r a c t i c a l  ope ra t i on  of t h e  sampler i s  t h e  c o l l e c t i o n  of too  l a r g e  
a  p ropo r t i on  of t h e  water-sediment mix ture  from a zone of h igher  than average  
concen t r a t i on  near  t h e  streambed where t h e  sampler s t o p s  momentarily du r ing  r e -  
v e r s a l  o r  a t  t h e  beginning o r  end of v e r t i c a l  t r a n s i t .  This  e r r o r  p a r t i a l l y  
compensates f o r  t he  e r r o r  in t roduced  i n  no t  sampling t h e  t o t a l  depth.  

When t h e r e  i s  a  h igh  concen t r a t i on  of suspended-sediment of sand s i z e s  nea r  
t h e  streambed, de te rmina t ion  of t o t a l  sediment d i scharge  r e q u i r e s  computation of 
bed-load,  o r  coarse-sediment ,  d i s cha rge .  These computations f r e q u e n t l y  i n c l u d e  
t h e  d i s cha rge  of sands through t h e  unsampled zone, o r  i n d i c a t e  t h e  r e l a t i v e  d i s -  
charge through t h e  unsampled zone. The computation of coarse-sediment d i s cha rge  
can be  co r r ec t ed  f o r  any unmeasured sediment d i s cha rge  o r  any sediment d i s cha rge  
t h a t  i s  bo th  measured and inc luded  i n  t h e  computations. 

Throughout t h e  r e p o r t  i t  i s  assumed t h a t  t h e  suspended- sediment d i s cha rge  
can be determined adequate ly  from e i t h e r  dep th - in t eg ra t ed  o r  p o i n t - i n t e g r a t e d  
samples, and no d i s t i n c t i o n  i s  made between computed suspended-sediment d i s -  
charge and t o t a l  suspended-sediment d i s cha rge .  A curve of t h e  d i s t r i b u t i o n  of  
concen t r a t i on  of va r ious  sediment s i z e  ranges ,  based on p o i n t - i n t e g r a t e d  samples, 
can be determined f o r  t h e  sampled zone and extended i n t o  t h e  unsampled zone i f  
a d d i t i o n a l  d e f i n i t i o n  of concen t r a t i on  i s  necessary .  

F i g .  70 shows some of t he  b a s i c  r e l a t i o n s h i p s  of v e l o c i t y ,  concen t r a t i on ,  
and sediment d i scharge  f o r  sands c a r r i e d  i n  suspension i n  a  stream v e r t i c a l .  

The v e l o c i t y  curve can be ob ta ined  by stream-gaging methods. Usua l ly  i t  
i s  approximated from observa t ions  of v e l o c i t y  a t  t h e  0 .2  and 0.8 depths i n  t h e  
v e r t i c a l .  Although t h e  two obse rva t i ons  do not  a c c u r a t e l y  d e f i n e  t h e  curve  f o r  
each v e r t i c a l  ( e s p e c i a l l y  over a  dune bed) r e l i a b l e  averages can be ob ta ined  i f  
c a r e  and judgment a r e  used. 
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Computat ions of sed iment  d i s c h a r g e ,  Q s ,  p e r  f m t  o f  w i d t h  

Conc,;'f R7 Qs 
F o r  che t o t a l  d e p t h  of  5 f t  . . . . . . a 463 x 25.00 E 1 1 , 5 8 0  
A c t u a l l y  i n t e g r a t e d  t o  0 .90  d e p t h  * 298 a 23.72 = 7 , 0 7 0  
A c t u a l l y  i n t e g r a t e d  t o  0 .95  d e p t h  . . . . . a 358 x 24..4-4. = 8,750 
As usual1.y cornputed ( i n i e g r a L e d  t o  0.90 d e p t h )  . 298 x 25.00 7,4.511 
A s  u . sua l ly  cacnputed ( i n t e g r a t e d  t o  0.95 deptir) . 358 x 25.00 = 8 , 9 5 0  

j" *.L ~ ~ i e  sampler  i s  l ~ w e r e d  c0 t h e  botto-m of t h e  sarfnpled z m e  

( 0 , 9 0  d e p t h )  and a l l owed  t o  s t a y  t h e r e  f o r  t h e  Lime t h a t  
would be r e q u i r e d  l o r  i n t e g r a t i n g  t h e  ~iilsarnpled d e p t h ,  t h e  
sarnpied sed iment  d i s c h a r g e  would be  7 , 0 7 0  -k 5,730/2  " 9,930 

o r  7 , 0 7 0  + 380 4- 2,480 EP 9,330 

FIG. 70 --VELOCITY AND SUSPENDED SEDIaYlENT RELATIONSHIPS IN A STREAM VERTICAL-- 
ILLUSTRATING EFFECTS OF THE UNSAWLED ZONE FOR SANDS 
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Sediment Discharge 
(taken as product of concentration and velocity 
from curves on p. 138) 

/ 298x 2.55 (2.55 i s  average velocity in bottom 1/2 f t  of depth) 
760/2 = Q, f o r  bot tom 1/2 f t  of  d e p t h  

Also 

5730/2-2860 = 380+2480 

FIG. 70 (CONTINUED)--VELOCITY AND SUSPENDED SEDIMENT REIATIONSHIPS IN A STREAM 
VERTICAL--ILLUSTRATING EFFECTS OF THE UNSAMPLED ZONE FOR SANDS 



D i s t r i b u t i o n  of concen t r a t i on  i n  t he  v e r t i c a l  may he  ob ta ined  by po in t -  
i n t e g r a t i o n  sampling. Samples a t  a  few p o i n t s  i n  t h e  . v e r t i c a l  w i l l  approximate- 
l y  d e f i n e  t h e  d i s t r i b u t i o n  i n  t he  v e r t i c a l  i f  some informatioxz on p a r t i c l e  s i z e  
i s  a v a i l a b l e .  Note t h a t  t h e  c u r r e n t  meter does n o t  measure v e l o c i t y  near  t h e  
streambed b u t t t h e  need f o r  r ecogn i t i on  of ara unsampl.ed zone f o r  v e l o c i t y  i s  n o t  
c r i t i c a l .  The same genera l  concept a p p l i e s  t o  p o i n t - i n t e g r a t i o n  sampling because 
t h e  d i s t r i b u t i o n  of sediment i s  p a r t l y  de f ined  i n  t h e  v e r t i c a l .  

B a s i c a l l y ,  sediment d i scharge  a t  any p o i n t  i s  t h e  product  of v e l o c i t y  and 
concen t r a t i on .  (For purposes of i l l u s t r a t i o n  c o r r e c t i o n s  f o r  t h e  u n i t s  of meas- 
urement and f o r  tlae n ~ i n o r  e f f e c t s  of changes S.n water-sediment  dens:kty a r e  68- 
no red ) ,  

A c a r e f u l  s tudy  of F i g ,  70  r e v e a l s  maray thl.ngs i n  r ega rd  t o  sediment t r a n s -  
p o r t a t i o n  and accuracy of sampling methods, h u t  only a f-7 of t h e  major ones 
will .  be mentioned: 

a .  The unsampled zone i s  p r i m a r i l y  a  problem of dep th - in t eg ra t i on  -. 
sampling of sediments of sand s i z e s .  

b ,  The e r r o r s  due t o  t he  unsampied zone i n c r e a s e  a s  t h e  r a t i o  of - 
depth of unsampled zone t o  t o t a l  dep th  i n c r e a s e s ,  and a s  t h e  d i s -  
t r i b u t i o n  of sediment i n  t he  v e r t i c a l  v a r i e s  more from s u r f a c e  t o  
s tr eambed, 

c ,  One mod i f i ca t i on  of usua l  dep th - in t eg ra t i on  procedure t h a t  - 
provides  a  more r e p r e s e n t a t i v e  sample i s  t o  a l low t h e  sampler t o  
remain on t h e  streambed and cont inue  sampling du r ing  t h e  time t h a t  
a~ould  be r equ i r ed  t o  i n t e g r a t e  through t h e  unsampled zone, f i e  
mod i f i ca t i on  should no t  be used i f  t h e  sample i s  t o  be co r r ec t ed  
by some formula t h a t  r e q u i r e s  t he  concen t r a t i on  i n  tfie sampled zone 
on ly ,  

50, 11:L'i\ssit r a t e s  f o r  ~~~fL$~g~~gga&o_n-~-Acclara"c dep th - in t eg ra t ed  samples 
partly depend on a reasonably  uniform t . r e n s i t  r a t e  of 'r:l*e sampler ,  An e:x.peri.- 
erzced opera t o r  who uses  t h e  depth- kntegra ti.on method f r e ~ l u e n t 3 . y ~  i * r / i Z  1. seldoan have 
any t ro t~b l . e  l.n ma in t a in ing  an  adequate ly  unifcfrin t r a n s i t  r a t e  tha taghout  a sing1.e 
sampling t r i p ,  A s a t i s f a c t o r y  volume of sample i s  more difficult t o  ob t a in  than 
a  reasonably cons t an t  t r a n s i t  r a t e ,  

:The fo l lowing  techniques o f t e n  a i d  i n  a t t a i n i n g  s a t i s f a c t o r y  t r a n s i t  r a t e s  : 

a .  I f  t h e  s t ream v e l o c i t y  i s  h a w n  from prev ious  measurements o r  - 
can be es t imated  from an  observation^ of s u r f a c e  v e l o c i t y ,  t h e  sampling 
t ime can be  ob ta ined  from a  prev ious ly  prepared ve loc i ty-sampl ing  t h e  
c h a r t .  Also,  i f  t h e  sampling time i s  knoxm f o r  t h e  sampler nozz le  s i z e  
and one v e l o c i t y ,  i t  can be computed f o r  o t h e r  v e l o c i t i e s  because sam- 
p l i n g  time v a r i e s  i n v e r s e l y  a s  t h e  v e l o c i t y .  



Sect ion  50 141 

b .  Determine t h e  depth t o  be sampled, and f o r  round- t r i p  i n t e g r a t i o n  - 
d i v i d e  twice t h e  sampling depth by t h e  sampling time t o  ob t a in  t h e  
r equ i r ed  r a t e  f o r  lowering or  r a i s i n g  t h e  sampler.  

c .  The sampler should then be lowered o r  r a i s e d  t h e  necessary number - 
of f e e t  and t en ths  of f e e t  per  second. An opera tor  working a lone  can 
count s lowly t o  approximate a  one-second i n t e r v a l .  I f  two opera tors  
a r e  a v a i l a b l e  one can use  a  s t o p  watch a s  a  time c o n t r o l .  

d .  I n  round- t r ip  i n t e g r a t i o n  t h e  time r equ i r ed  f o r  lowering t h e  sam- - 
p l e r  may be noted and i f  it i s  more o r  l e s s  than h a l f  t h e  t o t a l  time 
d e s i r e d ,  t h e  r a i s i n g  r a t e  can be increased  o r  decreased t o  improve 
t h e  t o t a l  t ime. 

e .  One should observe sample volumes and sampling r a t e s  c a r e f u l l y ,  - 
s o  t h a t  t h e  t r a n s i t  r a t e  can be ad jus t ed  from one sample t o  t he  next .  

f .  I n  t he  ETR method, t h e  t r a n s i t  r a t e  should be t h e  same i n  a l l  - 
v e r t i c a l s .  E s t a b l i s h  a  t r a n s i t  r a t e  and then  determine t h e  time 
(which depends on t h e  depth)  f o r  sampling i n  each v e r t i c a l .  By 
watching t h e  sampling time i t  i s  p o s s i b l e  t o  main ta in  a  n e a r l y  
cons t an t  t r a n s i t  r a t e  i n  t he  v e r t i c a l .  Because t h e  sediment con- 
c e n t r a t i o n  o f t e n  v a r i e s  more i n  t h e  v e r t i c a l  than i n  t he  ho r i zon ta l  
d i r e c t i o n ,  a  uniform t r a n s i t  r a t e  i n  t he  v e r t i c a l  i s  more important 
than  a  cons tan t  r a t e  from one v e r t i c a l  t o  another .  

g. Sampler t r a n s i t  r a t e s  should be kept  w i t h i n  c e r t a i n  s p e c i f i e d  
l i m i t s .  (See Sec t ion  16 and Fig .  14.)  

h. Depth- in tegra t ing  suspended-sediment samplers do no t  sample down - 
t o  t he  streambed. Suppose t h a t  t h e  i n t a k e  nozz le  of a  sampler i s  
0 .3  f t  above t h e  bottom of t h e  sampler.  The sampler w i l l  not  sample 
t h e  lowest 0 , 3  f t  of t he  v e r t i c a l  i f  t h e  streambed i s  f i rm and l e v e l .  
I f  t h e  bed i s  s o f t  and dunes a r e  p re sen t ,  t h e  sampler may s i n k  i n t o  
t h e  bed o r  may be lowered on top o f ,  o r  downstream from, a  dune. 
Presumably one should cons ider  t h e  sampling depth a s  0 .3  f t  l e i s  than 
t h e  t o t a l  depth and r eve r se  t h e  sampler t r a v e l  without  h e s i t a t i o n  when 
t h e  sampler touches bottom. Because t h e  r e v e r s a l  w i l l  almost never be  
ins tan taneous ,  too  l a r g e  a  sample w i l l  be taken a t  t h e  r e v e r s a l  po in t .  
Another method i s  t o  consider  t he  whole depth a s  t h e  sampling u n i t  and 
al low t h e  r e v e r s a l  of sampler t r a v e l  t o  t ake  up t h e  same l eng th  of t ime 
t h a t  would normally be spent  i n  i n t e g r a t i n g  0.6 f t  of depth.  Sampling 
procedure should be adapted t o  sediment d ischarge  computation procedure 
a t  t h i s  p o i n t .  Also a  record  should be  kept  of t h e  sampling procedure 
t h a t  was a c t u a l l y  used.  
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